



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Primer	Title Primer	Structure	(5'	-	3') Tm	(Degrees) GC	Content
ND1	Forward CCTTCAGCAAAATCAAAAGGAGTC 65.8 41.6
ND1	Reverse ATAGTAGCTGGTTGGTCGTCT 59.3 47.6
Yui	Forward GCTGGAATTGCTCATGGTGGA 69.4 52.3
Yui	Reverse AGGGTGATTTGAGTGTGTAGAC 59.6 45.4
Yui	Extended	Forward GGAATTGCTCATGGTGGAGCT 67.5 52.3
Yui	Extended	Reverse GTGATTTGAGTGTGTAGACATT 55.6 36.3
Alternative	Deletion	Forward CAGGAATTTCTTCAATTTTAGGAGC 72.0 36.0
Alternative	Deletion	Reverse AAGATTGAATTATAGCTACAGCTGA 66.0 32.0
New	Deletion	Forward CCGCTGGAATTGCTCATGGTGG 74.5 59.0
New	Deletion	Reverse AGCTCCGATAGCTCCTGTTAATGGT 67.6 48.0




































































































































































Extract 260/280 260/230 Concentration	(ng/µl)
Zymo	Young	1 1.46 0.01 1.00
Zymo	Young	2 1.73 0.20 2.10
Zymo	Young	3 1.80 0.01 3.30
Zymo	Old	1 1.54 -0.01 0.30
Zymo	Old	2 1.84 0.02 1.90
Zymo	Old	3 2.08 0.01 1.80
Extract 260/280 260/230 Concentration	(ng/µl)
Invitrogen	Young	1 1.87 0.59 5.60
Invitrogen	Young	2 2.02 0.47 2.50
Invitrogen	Young	3 2.09 1.35 2.90
Invitrogen	Old	1 1.80 1.15 2.80
Invitrogen	Old	2 2.47 0.89 1.90




























Extract 260/280 260/230 Concentration	(ng/µl)
Young	1 2.35 1.20 37.00
Young	2 1.94 0.57 32.10
Young	3 2.43 0.71 15.90
Young	4 1.95 0.64 12.00
Young	5 2.85 0.54 6.80
Old	1 2.18 0.52 8.30
Old	2 2.09 0.46 6.40
Old	3 2.39 0.56 11.30
Old	4 1.91 0.69 17.20



























































Extract 260/280 260/230 Conc	(ng/µl)
Shaker	1 4.50 0.02 2.90
Shaker	2 2.63 0.12 1.80
Shaker	3 2.43 0.03 1.60
Shaker	4 1.83 0.20 3.80
Young	1 1.97 0.04 1.50
Young	2 1.95 0.09 4.90
Young	3 1.88 0.02 3.20
Young	4 4.83 0.04 1.40
Mixed	1 2.08 0.48 4.10
Mixed	2 4.06 0.09 7.40
Mixed	3 2.32 0.32 3.70
Mixed	4 1.95 0.02 2.80
Old	1 1.63 0.09 3.00
Old	2 1.21 0.02 4.60
Old	3 2.07 0.05 4.70
Old	4 2.48 0.02 1.90
25ºC	1 1.29 0.02 3.40
25ºC	2 1.24 0.02 3.50
17ºC	1 2.56 0.03 2.20
17ºC	2 1.54 0.01 2.10
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kits.	The	quality	of	ND1	amplification	did	not	differ	across	the	temperatures	tested	
(68oC-57oC)	and	so	an	annealing	temperature	of	64oC	was	chosen	for	further	
amplification.	
	
Optimisation	of	ND1	Amplification		
	
The	ND1	primer	pair	was	initially	tested	using	both	BioRad	and	Powerup	SYBR	green	
with	the	same	three	templates	extracted	using	the	original	Zymo	kit	(figures	3.8	–	
3.11):	
	
	
Figure	3.8.	BioRad	SYBR	green	QPCR	amplification	data	of	ND1	Primers.	QPCR	annealing	
temperature	was	set	at	64oC	for	30s	for	50	cycles.	Reactions	used	three	single	60	day	old	Zymo	
extracts.	
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Figure	3.9.	BioRad	SYBR	green	QPCR	melt	peak	data	of	ND1	Primers.	QPCR	annealing	temperature	
was	set	at	64oC	for	30s	for	50	cycles.	Reactions	used	three	single	60	day	old	Zymo	extracts.	
	
	
Figure	3.10.	Powerup	SYBR	green	QPCR	amplification	data	of	ND1	primer.	QPCR	annealing	
temperature	was	set	at	64oC	for	30s	for	40	cycles.	Reactions	used	three	single	60	day	old	Zymo	
extracts.	
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Figure	3.11.	Powerup	SYBR	green	QPCR	melt	peak	data	of	ND1	primer.	QPCR	annealing	temperature	
was	set	at	64oC	for	30s	for	40	cycles.	Reactions	used	three	single	60	day	old	Zymo	extracts.	
	
BioRad	produced	more	similar	Cq	values	and	total	working	reactions	when	compared	
to	Powerup,	and	Powerup	appeared	to	have	produced	more	than	one	product,	seen	
as	two	melt	peaks	in	figure	3.11.	Because	Powerup	failed	to	produce	amplification	in	
every	reaction	and	BioRad	produced	less	Cq	variation	overall,	BioRad	was	chosen	as	
the	optimal	SYBR	green	for	control	amplification.		
	
Following	the	optimisation	of	the	Zymo	extraction	protocol,	further	testing	of	the	
ND1	primer	pair	was	done	using	three	extracts	from	the	optimised	protocol	(figures	
3.12	and	3.13):	
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Figure	3.12.	BioRad	SYBR	green	QPCR	amplification	data	of	ND1	primers.	QPCR	annealing	
temperature	was	set	at	64oC	for	60s	for	45	cycles.	Reactions	used	three	single	60	day	old	Zymo	
extracts.		
	
	
Figure	3.13.	BioRad	SYBR	green	QPCR	melt	peak	data	of	ND1	primers.	QPCR	annealing	temperature	
was	set	at	64oC	for	60s	for	45	cycles.	Reactions	used	three	single	60	day	old	Zymo	extracts.	
	
Compared	to	the	amplification	data	in	figure	3.8,	figure	3.12	shows	that	the	average	
Cq	values	have	reduced	by	~4	cycles	when	extending	annealing	time	to	60s	and	using	
a	more	concentrated	template.	A	4	cycle	reduction	is	equivalent	to	16	times	more	
template,	however	this	likely	indicates	both	more	template	and	less	inhibition.	This	is	
expected	as	the	lower	a	Cq	value	of	a	reaction	is	the	higher	the	initial	target	copy	
number	within	the	sample.	The	similarities	in	melt	peak	height	seen	in	figure	3.13	
suggests	that	the	optimised	extract	generates	similar	levels	of	mtDNA	per	extraction	
when	compared	to	the	original	Zymo	protocol	(figure	3.9).	No	further	attempts	were	
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made	to	improve	control	amplification	efficiency	until	reliable	amplification	of	
mtDNA	deletions	was	established.		
	
Yui	Primer	Pair	
	
The	first	primer	pair	used	to	attempt	to	amplify	mtDNA	deletions	was	the	same	
primer	pair	used	by	Yui	&	Matsuura,	named	Yui	for	reference	(Yui	and	Matsuura,	
2006).	This	primer	pair	was	used	with	the	goal	of	amplifying	mtDNA	deletions	
between	1866nt	to	4737nt.	From	5’	to	3’;	Forward	=	GCTGGAATTGCTCATGGTGGA,	
Reverse	=	AGGGTGATTTGAGTGTGTAGAC.	The	Yui	primers	were	trialled	across	
several	temperature	gradients	and	single	temperature	QPCRs,	from	68oC	to	57oC.	
Both	gradient	and	single	temperature	QPCRs	were	trialled	using	60s	annealing	steps.	
The	Yui	primers	were	used	with	template	extracted	using	the	Zymo	extraction	kit.		
	
Optimisation	of	Yui	Amplification	
	
Initial	QPCR	attempts	using	the	Yui	primers	were	performed	to	gain	understanding	of	
which	annealing	temperature	range	produced	the	most	optimal	amplification.	At	this	
stage	we	simply	expected	amplified	products	to	be	deletions	rather	than	off-target	
amplification.	Multiple	gradient	QPCRs	using	the	Yui	primers	were	used	to	narrow	
the	optimal	annealing	temperature	range	down	to	between	61.5oC	to	57oC.	A	final	
gradient	QPCR	between	61.5-57oC	was	done	to	try	and	identify	which	exact	
annealing	temperature	was	optimal	(figure	3.14	and	3.15):	
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Figure	3.14.	BioRad	SYBR	green	QPCR	amplification	data	of	control	(ND1	-	blue)	and	deleted	(Yui	-	
green)	mitochondrial	DNA.	Annealing	temperature	was	set	across	a	gradient	of	61.5-57oC	for	60s	for	
44	cycles.	Reactions	used	a	single	20	fly	Zymo	extract	as	template.		
	
	
Figure	3.15.	BioRad	SYBR	green	QPCR	melt	peak	data	of	control	(ND1	-	blue)	and	deleted	(Yui	-	
green)	mitochondrial	DNA.	Annealing	temperature	was	set	across	a	gradient	of	61.5-57oC	for	60s	for	
44	cycles.	Reactions	used	a	single	20	fly	Zymo	extract	as	template.	
	
There	was	no	identifiable	difference	between	61.5oC	and	57oC	in	Cq	values	(ranging	
from	33.84	to	25.94)	or	melt	peak	heights.	This	was	because	triplicate	reactions	were	
relatively	dissimilar.	Referring	to	figure	3.15,	there	appeared	to	be	two	separate	
products	in	most	of	the	Yui	reactions	identified	by	two	separate	melt	peaks.	The	
minor	green	melt	peak	recorded	at	a	lower	temperature	(74-78oC)	was	detected	
across	the	temperature	range	in	most	reactions	in	lower	concentrations,	with	no	
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preference	for	annealing	temperature.	The	low	melting	temperature	of	the	minor	
product	suggests	that	it	could	be	a	primer	dimer,	potentially	resulting	from	excess	
primer	being	present	in	the	reaction.	The	major	second	peak	(81-86oC)	appeared	in	
every	reaction	in	much	higher	concentrations.		
	
Identification	of	the	Yui	Product	
	
Following	consistent	amplification	using	the	Yui	primers	across	different	extracts,	all	
having	relatively	similar	Cq	values	and	melting	temperatures,	the	decision	was	made	
to	isolate	and	sequence	the	products	amplified.	So	triplicates	from	the	QPCR	reaction	
corresponding	to	figures	3.14	and	3.15	were	run	on	an	agarose	gel	(figure	3.16):	
	
	
Figure	3.16.	QPCR	samples	from	figures	3.14/3.15.	Reactions	used	a	single	20	fly	Zymo	extract	as	
template.	Lane1	=	1kb	Ladder,	Lane2	=	61.5oC	Yui	triplicate,	Lane3	=	61.5oC	ND1	triplicate,	Lane4	=	
60oC	Yui	triplicate,	Lane5	=	58.5oC	Yui	triplicate,	Lane6	=	57oC	Yui	triplicate.	Gel	was	made	at	2%	
using	1x	TBE	and	run	at	90V	for	60	minutes.		
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Despite	the	detection	of	two	products	in	figure	3.15,	only	a	single	band	was	
identified	on	the	gel.	This	single	band	was	assumed	to	be	the	most	abundant	
product.	Due	to	the	lower	melting	temperature	and	concentration	of	the	minor	
product,	it	may	have	been	either	too	short	a	product	or	not	concentrated	enough	to	
be	identified	on	agarose	gel.	The	single	band	in	lane	2	seen	in	figure	3.16	was	
excised,	purified,	and	sent	for	sequencing.		
	
The	quality	of	the	resulting	sequence	was	poor	with	many	bases	being	unidentifiable.	
As	a	result,	the	identity	of	each	base	was	called	individually	using	the	sequencing	
data.	Several	base	pairs	either	side	of	this	product	were	unidentifiable	and	not	
included.	The	sequence	of	the	isolated	product	was	found	to	correspond	similarly	to	
a	section	of	chromosome	2R	from	19594485nt	to	19594781nt,	not	mitochondrial	
DNA.	High	specificity	blast	search	of	the	primers	yields	the	Drosophila	mitochondrial	
genome	consistently;	from	1867-1887nt	to	4638-4759nt.	Low	specificity	blast	search	
of	the	primers	does	yield	chromosomal	mispriming,	including	chromosome	2R	in	
multiple	areas.	Following	this,	the	surrounding	forward	and	reverse	sequence	of	the	
misprimed	product	were	analysed	for	any	similarities	to	any	combination	of	the	Yui	
primer	pair	(figures	3.17	and	3.18):	
	
GGTCGGACTCCACGCCCCATCATGACCTGCTGCGTAATATGAAACGCTTTCAGCAGATTAAC
CATTTTCCAGGCATGGTGGAGATATGCCGCAAGGATCTGCTGTCAAGAAATTTGAATCGCAT
GCTCAAAATGTTTCCCGGCGACTATCGCATATTCCCCAAAACCTGGCTAATGCCAACCGAGT
GAGTTTTCTTATTTTTGAAATTTGTCATAAATTCAGCTAAAAATATAATATAATAACCATTATT
TTCTGTCAGTGCCTACGATGTAGCCATTTATGCGAACAAACACAAGCGCACTTTTATCCTAAA
GCCTTATTCGGCGGGCCAAGGACGTGGCATCTGGATAACCACCGATCTTCGCACTGTGGGC
AAACGGGAGAAGCTCATCTGCCAAACTTACATAGAACGGGTAAGTCTGGAGAATGATACTA
ACGATCTATATGATCAACAATTTTCCCATTTGTAGCCCCTACTTATAGATGGCTA	
CAAGTTT	
Figure	3.17.	A	section	of	forward	sequence	from	Drosophila	chromosome	2R.	Highlighted	yellow	is	
the	exact	sequence	that	the	Yui	product	matches	to,	from	19594485nt	to	19594781nt.	Highlighted	
red	is	the	exact	match	to	the	3’	end	of	the	Yui	forward	primer	indicating	the	likely	mispriming	site	
which	generated	the	product.	Sequence	generated	from	reactions	which	used	the	Yui	primer	pair	
and	a	single	20	fly	Zymo	extract	as	a	template.	
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AAACTTGTAGCCATCTATAAGTAGGGGCTACAAATGGGAAAATTGTTGATCATATAGATCGT
TAGTATCATTCTCCAGACTTACCCGTTCTATGTAAGTTTGGCAGATGAGCTTCTCCCGTTTGC
CCACAGTGCGAAGATCGGTGGTTATCCAGATGCCACGTCCTTGGCCCGCCGAATAAGGCTTT
AGGATAAAAGTGCGCTTGTGTTTGTTCGCATAAATGGCTACATCGTAGGCACTGACAGAAA
ATAATGGTTATTATATTATATTTTTAGCTGAATTTATGACAAATTTCAAAAATAAGAAAACTC
ACTCGGTTGGCATTAGCCAGGTTTTGGGGAATATGCGATAGTCGCCGGGAAACATTTTGAG
CATGCGATTCAAATTTCTTGACAGCAGATCCTTGCGGCATATCTCCACCATGCCTGGAAAAT
GGTTAATCTGCTGAAAGCGTTTCATATTACGCAGCAGGTCATGATGGGGCGTGGAGTCCGA
CC	
Figure	3.18.	A	section	of	reverse	sequence	from	Drosophila	chromosome	2R.	Highlighted	yellow	is	
the	exact	sequence	that	the	Yui	product	matches	to,	from	19594485nt	to	19594781nt.	Highlighted	
red	is	the	exact	match	to	the	3’	end	of	the	Yui	reverse	primer	indicating	the	likely	mispriming	site	
which	generated	the	product.	Sequence	generated	from	reactions	which	used	the	Yui	primer	pair	
and	a	single	20	fly	Zymo	extract	as	a	template.	
	
Nine	bases	which	match	the	final	nine	bases	of	the	forward	primer	were	identified	
close	to	the	start	of	the	misprimed	product	(figure	3.17).	Six	bases	which	match	the	
final	seven	bases	of	the	reverse	primer	were	identified	close	to	the	end	of	the	
misprimed	product	(figure	3.18).	The	similarity	between	the	3’	ends	of	both	forward	
and	reverse	primers	and	the	likely	mispriming	sites	either	side	of	the	nonspecific	
product	confirms	the	likelihood	of	the	Yui	primers	mispriming	to	amplify	the	
chromosomal	sequence.	As	previous	QPCR	attempts	using	the	Yui	primer	pair	with	
different	extracts	and	conditions	generated	almost	identical	Cq	values	and	melt	
peaks,	it	was	assumed	to	an	extent	that	mispriming	had	occurred	consistently	
throughout.	Because	the	Yui	primer	pair	has	such	a	high	potential	for	mispriming	and	
failed	to	produce	evidence	of	deleted	sequence,	this	primer	pair	was	ignored	for	
further	deletion	amplification	attempts.	
	
Yui	Extended	Primer	Pair	
	
Due	to	the	Yui	primers	possessing	strong	3’	mispriming	the	decision	was	made	to	
extend	each	primer	at	the	3’	end	by	3	bases	and	shorten	each	primer	at	the	5’	end	by	
3	bases.	This	was	done	with	the	goal	of	reducing/eliminating	consistent	nonspecific	
amplification,	to	strengthen	mitochondrial	binding,	and	to	maintain	most	of	the	
primer	used	by	Yui	and	Matsuura	(Yui	and	Matsuura,	2006).	This	primer	pair	was	
named	Yui	Extended.	From	5’	to	3’:	Forward	=	GGAATTGCTCATGGTGGAGCT,	Reverse	
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=	GTGATTTGAGTGTGTAGACATT.	The	Yui	Extended	primers	were	subject	to	annealing	
temperatures	ranging	from	68oC	to	57oC	in	both	gradient	and	single	temperature	
QPCRs.	Both	gradient	and	single	temperature	QPCRs	used	annealing	steps	of	30s.	
The	Yui	extended	primers	were	used	with	template	extracted	using	the	Qiagen	and	
Zymo	extraction	kits.	
	
Initial	Mitochondrial	Deletion	Amplification	
	
Due	to	previous	issues	with	mispriming,	attempts	to	optimise	amplification	efficiency	
would	not	be	attempted	until	deletion	amplification	was	achieved.	Initial	QPCRs	
using	the	Yui	Extended	primers	were	based	on	finding	an	optimal	temperature	for	
the	reaction	(figures	3.19	and	3.20):	
	
	
Figure	3.19.	BioRad	SYBR	green	QPCR	amplification	data	of	young	(blue)	and	old	(green)	DNA.	
Annealing	temperature	was	set	across	a	gradient	of	68-57oC	for	30s	for	40	cycles.	Reactions	used	
one	young	(10	days	old)	and	one	old	(60	days	old)	Qiagen	extraction.	
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Figure	3.20.	BioRad	SYBR	green	QPCR	melt	peak	data	of	young	(blue)	and	old	(green)	DNA.	
Annealing	temperature	was	set	across	a	gradient	of	68-57oC	for	30s	for	40	cycles.	Reactions	used	
one	young	(10	days	old)	and	one	old	(60	days	old)	Qiagen	extraction.	
	
The	lowest	Cq	values	and	variation	between	Cq	values	was	seen	at	64oC,	suggesting	
further	QPCR	attempts	using	these	primers	should	be	performed	at	this	annealing	
temperature.	The	young	extract	(Young	1	from	table	3.4)	produced	lower	Cq	values	
compared	to	the	old	extract	(Old	4	from	table	3.4),	suggesting	whatever	was	
amplified	was	more	abundant	in	the	younger	extract,	likely	due	to	the	higher	
template	concentration.	If	the	primers	were	successful	in	amplifying	mtDNA	
deletions,	then	more	mtDNA	deletions	within	the	target	region	were	present	in	the	
younger	extract	which	is	the	opposite	of	what	is	expected.	High	Cq	values	using	both	
extracts	suggest	whatever	was	amplified	was	present	in	a	small	concentration.	Figure	
3.20	shows	consistent	amplification	of	a	one	product	(74-78oC)	with	random	
amplification	of	another	product	(82-87oC)	in	much	smaller	quantities,	mainly	in	
younger	extracts.	An	agarose	gel	was	run	using	product	from	68-62.5oC	old	fly	
reactions	which	amplified	the	major	product	between	(74-78oC)	to	identify	the	origin	
of	this	amplification	(figure	3.21):	
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Figure	3.21.	QPCR	samples	from	figures	3.19/3.20.	Reactions	used	the	Yui	Extended	primer	pair	and	
a	single	old	fly	(60	days)	Qiagen	extract	as	template.	Lane1	=	50-500bp	ladder,	Lane	2	=	68-62.5oC	
reactions	from	figures	3.19/3.20.	Gel	was	made	at	2%	using	1x	TBE	and	run	at	90V	for	60	minutes.	
Highlighted	in	the	black	box	is	the	smear	excised	for	sequencing.	
	
When	ran	on	agarose	gel	a	smear	was	seen	up	to	the	bulk	of	the	product.	The	bulk	of	
the	smear	(highlighted	in	figure	3.21)	was	excised,	purified,	and	sent	for	sequencing.	
The	sequence	retrieved	was	relatively	clean,	however	some	of	the	bases	were	called	
individually	using	the	sequencing	data.	When	blast	searched	the	sequence	yielded	
two	separate	mitochondrial	hits	between	the	two	primers	used,	one	close	to	each	
primer.	This	suggests	that	the	short	sequence	amplified	between	the	two	primers	is	
the	sequence	remaining	after	a	deletion	had	occurred	(.	Using	the	end	of	each	
sequence	as	breakpoints	of	a	potential	deletion,	the	surrounding	sequence	was	
analysed	for	evidence	of	direct	repeats	(figure	3.22):		
	
CCTTTATTTGTTTG	(ATCAGTAGTTATTACT…AATCTTATGTGTTTG)	CTGTATTAA	
																															2025	<	-	-	-	-	-	-	-	-	-	-	-	-	-	-	-	-	-	2673bp	-	-	-	-	-	-	-	-	-	-	-	-	-	-	-	>	4698	
Figure	3.22.	Evidence	of	two	direct	repeats	likely	causing	the	deletion	of	mitochondrial	sequence.	
Underlined	are	the	direct	repeats.	In	bold	are	all	bases	that	identically	match.	Enclosed	in	brackets	
is	the	2673bp	deleted	mitochondrial	sequence	from	2025nt	to	4698nt.	Sequence	generated	from	
reactions	which	used	the	Yui	Extended	primer	pair	and	a	single	old	fly	(60	days)	Qiagen	extract	as	
template.	
	
Figure	3.22	shows	the	flanking	direct	repeats	likely	to	have	caused	the	deletion.	
Enclosed	in	brackets	is	the	deleted	mitochondrial	sequence	between	the	two	
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amplified	products	from	2025nt	to	4968nt.	This	provided	sufficient	evidence	for	
mitochondrial	deletion	amplification	without	major	nonspecific	amplification.	
Further	amplification	attempts	would	be	focused	on	optimising	amplification	
efficiency	using	the	Yui	Extended	primers.		
	
Yui	Extended	Nonspecific	Amplification	
	
Following	the	initial	success	of	the	Yui	Extended	primers,	repeated	attempts	failed	to	
generate	mitochondrial	amplification	without	additional	nonspecific	amplification.	
Successful	deletion	amplification	with	the	two	extracts	used	in	figures	3.19	and	3.20	
(Young	1	and	Old	4	from	figure	3.4),	was	partially	associated	with	higher	template	
concentration	and	thus	higher	mtDNA	deletions	levels	within	each	extract.	After	
several	QPCR	reactions	producing	additional	nonspecific	amplification	a	hot	start	
QPCR	was	used	to	try	and	reduce	nonspecific	amplification	(figures	3.23	and	3.24):	
	
	
Figure	3.23.	BioRad	SYBR	green	QPCR	amplification	data	of	Yui	Extended	primers.	QPCR	annealing	
temperature	was	set	at	64oC	for	30s	for	40	cycles	with	a	hot	start	of	72oC	for	20s.	Reactions	used	
one	60	day	old	Qiagen	extraction.	
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Figure	3.24.	BioRad	SYBR	green	QPCR	melt	peak	data	of	Yui	Extended	primers.	QPCR	annealing	
temperature	was	set	at	64oC	for	30s	for	40	cycles	with	a	hot	start	of	72oC	for	20s.	Reactions	used	
one	60	day	old	Qiagen	extraction.	
	
The	low	Cq	values	seen	in	figure	3.23	compared	to	the	higher	Cq	values	in	figure	3.19	
indicate	that	whatever	major	product	was	amplified	in	the	hot	start	QPCR	was	in	
significantly	higher	abundance	than	in	the	previously	successful	QPCR	(figure	3.19).	
As	a	mtDNA	deletion	within	the	target	region	is	assumed	to	be	rare,	the	resulting	Cq	
value	for	an	amplified	deletion	would	be	high.	As	the	Cq	values	for	the	hot	start	
QPCR	were	so	high,	it	was	assumed	that	whatever	was	amplified	was	unlikely	to	be	a	
mtDNA	deletion.	The	minor	melt	peak	around	76oC	seen	in	figure	3.24	is	similar	to	
the	deletion	amplified	in	figure	3.20,	but	in	much	smaller	quantities.	The	major	melt	
peak	between	84-85oC	in	figure	3.24,	seen	sporadically	and	in	low	concentrations	in	
figure	3.20,	was	likely	the	same	sized	product	consistently	amplified	in	all	other	Yui	
Extended	QPCR	attempts.	As	all	reactions	amplified	equally,	several	reactions	were	
run	on	agarose	gel	to	identify	what	products	were	being	amplified	(figure	3.25):	
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Figure	3.25.	QPCR	samples	from	figures	3.23/3.24.	Reactions	used	the	Yui	Extended	primer	pair	and	
a	single	old	fly	(60	days)	Qiagen	extract	as	a	template.	Lane1	=	50-500bp	ladder,	Lane2	=	Triplicate	
from	figures	3.23/3.24.	Gel	was	made	at	2%	using	1x	TBE	and	run	at	90V	for	60	minutes.	
	
The	sequencing	retrieved	for	all	four	bands	was	generally	poor,	with	many	bases	
called	individually	using	the	sequencing	data.	Of	the	four	products	isolated	on	the	
gel,	band	1	was	identified	as	mitochondrial.	The	sequencing	from	this	band	only	
identified	sequence	close	to	the	forward	primer,	with	no	identifiable	sequence	close	
to	the	reverse.	This	was	assumed	to	be	because	of	poor	sequencing	quality,	resulting	
from	the	small	quantity	of	product	isolated	from	the	gel.	The	identifiable	sequence	
was	analysed	for	presence	of	a	direct	repeat	which	may	have	caused	the	deletion	of	
mtDNA,	finding	‘ATTAAT’	close	to	the	end	of	the	product.	Analysis	of	sequence	close	
to	the	reverse	primer	identified	an	‘ATTAAT’	sequence	which	was	the	closest	match	
to	the	direct	repeat	potentially	responsible	for	the	amplified	deletion	(figure	3.26).	
Although	target	amplification	will	only	occur	if	a	deletion	is	present,	the	poor	quality	
of	sequencing	meant	the	accurate	identification	of	direct	repeats	was	not	possible.	
Figure	3.26	presents	the	likely	pair	of	direct	repeats	responsible	for	causing	the	
deletion	amplified,	but	this	cannot	be	confirmed	without	the	whole	sequence:	
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ACTGTAATTAAT	(ATACGATCACAACA…GTAAATTAAT)	GTCTACACA	
																													1978	<	-	-	-	-	-	-	-	-	-	-	-	-	2758bp	-	-	-	-	-	-	-	-	-	-	-	>	4736	
Figure	3.26.	Evidence	of	two	direct	repeats	likely	causing	the	deletion	of	mitochondrial	sequence.	
Underlined	are	the	direct	repeats.	In	bold	are	all	bases	that	identically	match.	Enclosed	in	brackets	
is	the	2758bp	deleted	mitochondrial	sequence	from	1978nt	to	4736nt.	Sequence	generated	from	
reactions	which	used	the	Yui	Extended	primer	pair	and	a	single	old	fly	(60	days)	Qiagen	extract	as	a	
template.	
	
The	three	other	bands	isolated	in	figure	3.25	when	blast	searched	were	all	found	to	
correspond	to	areas	of	chromosome	3R.	Of	the	three	bands,	band	2	was	clearly	the	
most	abundant.		
	
AGATGATACGTGGCCAGCAGAATAAGTCCAAAGTCCAAGCACTAACTGGTGGATCCAATCA
ATCGGAGGATCACAGCCTGGTCAAGCTGATCAACCAGATGATTATGGAGTTCCTCGATTGG
TTCGGCTACAAGCACACCATGGAAACATTTCGCATGGAGACGGGTGAAAACGTGGCCAATC
GCAGGGAGATGGAACAAAGTCTACACATCACACCCGAGTCAAAGGATTTTCCGCTCCTGGC
TCAACTAGTTATGCGCGATTGGAAGTTCGGTGTGCAAAAAGGAGGTTCCAAAAAGTTGGTT
CAGCT	
Figure	3.27.	A	section	of	forward	sequence	from	Drosophila	chromosome	3R.	Highlighted	yellow	is	
the	exact	nonspecific	sequence	that	the	Yui	Extended	product	matches	to,	from	15780137nt	to	
15780246nt.	Highlighted	red	are	the	bases	matching	the	forward	primer	indicating	the	likely	
mispriming	site.	Sequence	generated	from	reactions	which	used	the	Yui	Extended	primer	pair	and	a	
single	old	fly	(60	days)	Qiagen	extract	as	a	template.	
	
AGCTGAACCAACTTTTTGGAACCTCCTTTTTGCACACCGAACTTCCAATCGCGCATAACTAGT
TGAGCCAGGAGCGGAAAATCCTTTGACTCGGGTGTGATGTGTAGACTTTGTTCCATCTCCCT
GCGATTGGCCACGTTTTCACCCGTCTCCATGCGAAATGTTTCCATGGTGTGCTTGTAGCCGA
ACCAATCGAGGAACTCCATAATCATCTGGTTGATCAGCTTGACCAGGCTGTGATCCTCCGAT
TGATTGGATCCACCAGTTAGTGCTTGGACTTTGGACTTATTCTGCTGGCCACGTATCATCT	
Figure	3.28.	A	section	of	reverse	sequence	from	Drosophila	chromosome	3R.	Highlighted	yellow	is	
the	exact	nonspecific	sequence	that	the	Yui	Extended	product	matches	to,	from	15780137nt	to	
15780246nt.	Highlighted	red	are	the	bases	matching	the	reverse	primer	indicating	the	likely	
mispriming	site.	Sequence	generated	from	reactions	which	used	the	Yui	Extended	primer	pair	and	a	
single	old	fly	(60	days)	Qiagen	extract	as	a	template.	
	
The	sequence	of	band	2	was	found	to	correspond	to	a	section	of	chromosome	3R	
from	15780137nt	to	15780246nt.	Following	this,	the	surrounding	forward	and	
reverse	sequence	of	the	nonspecific	product	were	analysed	for	any	similarities	to	any	
combination	of	the	Yui	Extended	primer	pair	to	identify	potential	mispriming	sites	
(figures	3.27	and	3.28).	Figure	3.27	highlights	in	red,	the	8	matching	bases	to	the	3’	
end	of	the	Yui	Extended	forward	primer.	Figure	3.28	highlights	in	red,	the	5	matching	
bases	to	the	middle	of	the	Yui	Extended	reverse	primer.	Together	this	demonstrates	
the	most	likely	mispriming	sites	causing	nonspecific	amplification.	Note	that	the	
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quality	of	the	sequencing	was	generally	poor,	so	several	unidentified	bases	at	either	
end	of	the	product	were	not	presence	when		
	
As	target	amplification	is	still	present	in	minor	quantities,	this	suggests	that	
nonspecific	amplification	is	outcompeting	deletion	amplification	for	reaction	
components.	The	fewer	target	deletions	there	are	within	a	template	the	later	
exponential	amplification	is	achieved	(Rudkjobing	et	al.,	2014).	With	the	QPCR	
reaction	components	unsaturated	for	a	longer	period	of	time,	nonspecific	
amplification	is	more	likely	to	occur.	So	when	using	the	Yui	Extended	primer	pair,	
sufficient	target	deletions	must	be	present	within	a	reaction	for	deletion	
amplification	without	nonspecific	amplification	to	occur.	Because	accurate	
amplification	and	quantification	requires	a	highly	specific	primer	pair,	the	Yui	
Extended	primers	are	not	viable	for	mtDNA	deletion	amplification	or	quantification	
(Bustin	and	Huggett,	2017).	From	this	conclusion,	the	Yui	Extended	primer	pairs	were	
ignored	for	further	deletion	amplification	attempts.		
	
Alternative	Deletion	Primer	Pair	
	
Further	primer	design	was	done	with	the	goal	of	using	different	areas	of	the	COX	
region	to	allow	further	flexibility	in	primer	Tm,	length,	and	location.	New	primer	
design	was	focused	on	reducing/eliminating	the	likelihood	of	mispriming.	This	was	
achieved	by	using	primer	blast	to	search	for	sequences	similar	to	that	of	the	newly	
designed	primers	where	mispriming	may	occur.	If	two	mismatched	sites	were	within	
relatively	close	proximity	(£300bp	between	the	potential	mispriming	sites),	then	
depending	on	the	strength	of	mispriming	the	primer	pair	was	ignored.	The	first	
primer	pair	designed	was	called	Alternative	Deletion.	From	5’	to	3’:	Forward	=	
CAGGAATTTCTTCAATTTTAGGAGC,	Reverse	=	AAGATTGAATTATAGCTACAGCTGA.	The	
Alternative	Deletion	primers	were	subjected	to	annealing	temperatures	ranging	from	
68oC	to	57oC	in	both	gradient	and	single	temperature	QPCRs.	Both	gradient	and	
single	temperature	QPCRs	used	annealing	steps	of	30s.	The	Alternative	Deletion	
primers	were	used	with	template	extracted	using	the	Qiagen	and	Zymo	extraction	
kits.		
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Initial	Amplification	Attempts		
	
Gradient	QPCR	attempts	using	the	Alternative	Deletion	primers	failed	to	generate	
any	amplification.	Single	temperature	QPCRs	also	failed	to	generate	any	
amplification.	A	final	attempt	at	amplification	was	done	using	a	hot	start	QPCR	
(figures	3.29	and	3.30):	
	
	
Figure	3.29.	BioRad	SYBR	green	QPCR	amplification	data	of	Alternative	Deletion	primers.	QPCR	
annealing	temperature	was	set	at	64oC	for	30s	for	40	cycles	with	a	hot	start	of	72oC	for	20s.	
Reactions	used	one	60	day	old	Qiagen	extraction.	
	
	
Figure	3.30.	BioRad	SYBR	green	QPCR	melt	peak	data	of	Alternative	Deletion	primers.	QPCR	
annealing	temperature	was	set	at	64oC	for	30s	for	40	cycles	with	a	hot	start	of	72oC	for	20s.	
Reactions	used	one	60	day	old	Qiagen	extraction.	
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The	amplification	identified	in	figures	3.29	and	3.30	occurred	in	each	reaction	with	
very	high	Cq	and	low	melt	peak	values.	When	ran	on	agarose	gel	no	DNA	band	was	
seen,	suggesting	the	product	amplified	was	either	smaller	than	the	50bp	band	of	the	
ladder	and	run	off	the	gel	or	was	too	small	in	concentration	to	be	identified	on	the	
gel	(the	more	likely	explanation).	From	the	lack	of	an	identified	DNA	band,	the	low	
melting	temperature	of	the	product,	and	the	high	Cq	values	this	amplification	was	
assumed	to	be	the	result	of	primer	dimers.	At	this	stage	in	the	project	the	Qiagen	kit	
became	contaminated	as	described	previously.	The	DNA	extraction	method	was	then	
switched	back	to	the	Zymo	kit.	
	
Further	Amplification	Attempts	
	
Attempts	to	repeat	the	results	of	the	previous	QPCR	using	Zymo	extracts	failed.	The	
only	Alternative	Deletion	QPCR	which	produced	any	amplification	was	when	the	
cycle	number	was	extended	to	50	(figures	3.31	and	3.32):	
	
	
Figure	3.31.	BioRad	SYBR	green	QPCR	amplification	data	of	Alternative	Deletion	Primers.	QPCR	
annealing	temperature	was	set	at	64oC	for	30s	for	50	cycles.	Reactions	used	three	60	day	old	Zymo	
extracts.	
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Figure	3.32.	BioRad	SYBR	green	QPCR	melt	peak	data	of	Alternative	Deletion	Primers.	QPCR	
annealing	temperature	was	set	at	64oC	for	30s	for	50	cycles.	Reactions	used	three	60	day	old	Zymo	
extracts.	
	
Amplification	occurred	randomly	across	all	three	Zymo	extracts	with	very	high	Cq	
and	low	melt	peak	values.	When	all	reactions	possessing	amplification	were	ran	on	
agarose	gel	no	DNA	band	was	seen,	again	suggesting	the	product	amplified	was	
smaller	than	the	50bp	band	of	the	ladder	and	run	off	the	gel	or	was	too	small	in	
concentration	to	be	identified	on	the	gel.	Because	of	the	lack	of	any	identifiable	
product,	the	lack	of	consistent	amplification,	and	very	high	Cq	values,	the	Alternative	
Deletion	primers	were	ignored	for	further	amplification	attempts.		
	
New	Deletion	Primer	Pair	
	
The	second	primer	pair	designed	was	called	New	Deletion.	From	5’	to	3’:	Forward	=	
CCGCTGGAATTGCTCATGGTGG,	Reverse	=	AGCTCCGATAGCTCCTGTTAATGGT.	The	
New	Deletion	primers	were	subjected	to	annealing	temperatures	ranging	from	68oC	
to	57oC	in	both	gradient	and	single	temperature	QPCRs.	Both	gradient	and	single	
temperature	QPCRs	used	annealing	steps	of	30s.	The	New	Deletion	primers	were	
used	with	template	extracted	using	the	Qiagen	and	Zymo	extraction	kits.	All	QPCR	
attempts	failed	to	produce	any	amplification,	regardless	of	temperature	or	template	
used.	Due	to	the	lack	of	any	amplification	the	New	Deletion	primers	were	ignored	for	
further	amplification	attempts.		
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Optimal	Deletion	Forward	Primer	
	
After	the	previous	four	primer	pairs	failed	to	consistently	amplify	mtDNA	deletions	
due	to	either	no	reaction,	poor	amplification,	or	mispriming,	another	forward	primer	
was	designed	to	be	trialled	with	existing	reverse	primers.	The	decision	to	design	just	
a	forward	primer	was	based	on	the	strength	of	forward	mispriming	seen	in	the	Yui	
and	Yui	Extended	forward	primers.	The	primer	designed	was	the	most	optimal	
forward	primer	considering	mispriming,	dimerization,	and	target	binding	which	still	
spanned	the	original	set	of	deletions	amplified	by	Yui	and	Matsuura	(Yui	and	
Matsuura,	2006).	The	new	forward	primer	was	called	Optimal	Deletion.	From	5’	to	3’:	
CTGTTTATCCACCTCTATCCGCT.	The	Optimal	Deletion	primer	was	subjected	to	
annealing	temperatures	of	64oC	in	single	temperature	QPCRs.	The	Optimal	Deletion	
primer	was	used	with	template	extracted	using	the	Zymo	extraction	kit.		
	
Finding	the	Best	Primer	Combination	
	
The	Optimal	Deletion	forward	primer	was	trialled	using	the	four	reverse	primers	
previously	used	in	an	attempt	to	identify	which	primer	combination	(if	any)	amplified	
mtDNA	deletions	with	minimal/no	mispriming	(figures	3.33	and	3.34):	
	
Figure	3.33.	BioRad	SYBR	green	QPCR	amplification	data	of	Optimal	Deletion	F	primer	with	Yui	R	
(Green),	Yui	Ext	R	(Blue),	Alternative	Deletion	R	(Red),	and	New	Deletion	R	(Orange).	QPCR	
annealing	temperature	was	set	at	64oC	for	60s	for	45	cycles.	Reactions	used	two	Zymo	extracts	
consisting	of	15	60	day	old	flies.	
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Figure	3.34.	BioRad	SYBR	green	QPCR	melt	peak	data	of	Optimal	Deletion	F	primer	with	Yui	R	
(Green),	Yui	Ext	R	(Blue),	Alternative	Deletion	R	(Red),	and	New	Deletion	R	(Orange).	QPCR	
annealing	temperature	was	set	at	64oC	for	60s	for	45	cycles.	Reactions	used	two	Zymo	extracts	
consisting	of	15	60	day	old	flies.	
	
From	figures	3.33	and	3.34,	each	of	the	primer	combinations	appeared	to	amplify	
different	products	using	the	same	extracts.	As	a	result,	all	reactions	for	each	of	the	
primer	combinations	were	combined	and	ran	on	agarose	gel	(figure	3.35):	
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Figure	3.35.	QPCR	samples	from	the	Optimal	Deletion	trial	QPCR.	Reactions	used	the	Optimal	
Deletion	forward	primer,	the	reverse	primer	as	stated	with	each	lane	description,	and	two	Zymo	
extracts	consisting	of	15	60	day	old	flies	each.	Lane1	=	50-1500bp	Ladder.	Lane2	=	Yui	R,	Lane3	=	Yui	
Extended	R,	Lane4	=	Alternative	Deletion	R,	Lane5	=	New	Deletion	R,	Lane6	=	50-1500bp	Ladder.	Gel	
was	made	using	at	2%	using	1x	TBE	and	run	at	90V	for	60	minutes.	
	
Despite	the	larger	number	of	different	amplified	products	identified	on	the	gel,	only	
those	highlighted	in	figure	3.35	were	excised,	purified,	and	sent	for	sequencing.	
Amplified	products	from	lanes	2	and	3	were	not	chosen	for	sequencing	due	to	the	
lack	of	clear,	concentrated	bands	to	excise	without	either	excising	multiple	products	
or	purifying	too	little	product	for	accurate	sequencing.		
	
Referring	to	figure	3.35,	band	1	retrieved	no	identifiable	sequence	and	was	ignored.	
Band	2	retrieved	sequence	corresponding	to	several	different	areas	of	chromosome	
X	with	low	specificity.	Quality	of	sequence	was	again	an	issue,	with	sections	of	
sequence	showing	poor	base	identification.	No	evidence	of	mitochondrial	sequence	
was	retrieved	and	thus	was	assumed	to	be	a	product	of	mispriming,	but	the	exact	
origins	of	this	mispriming	cannot	be	located.	Band	3	retrieved	sequence	
corresponding	to	chromosome	2R.	This	sequence	was	to	an	extent,	of	higher	quality	
than	the	previous	two	and	thus	more	accurately	identified	as	a	product	of	
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mispriming.	Band	4	retrieved	clear	mitochondrial	sequence	corresponding	to	two	
distinct	areas	of	sequence	close	to	each	primer	binding	site.	The	surrounding	
sequence	was	analysed	and	the	direct	repeats	which	likely	caused	the	amplified	
deletion	were	identified	(figure	3.36):	
	
ATTTTATTACAA	(CTGTAATTAA…ATTAGTATTAGAA)	TCAGCTGTAG	
																										1967	<	-	-	-	-	-	-	-	-	-	-	-	2697bp	-	-	-	-	-	-	-	-	-	-	-	-	>	4664	
Figure	3.36.	Evidence	of	two	direct	repeats	likely	causing	the	deletion	of	mitochondrial	sequence.	
Underlined	are	the	direct	repeats.	In	bold	are	all	bases	that	identically	match.	Enclosed	in	brackets	
is	the	2697bp	deleted	mitochondrial	sequence	from	1967nt	to	4664nt.	Sequence	generated	from	
reactions	which	used	the	Optimal	Deletion	forward	primer,	New	Deletion	reverse	primer,	and	two	
Zymo	extracts	consisting	of	15	60	day	old	flies	each.		
	
From	analysis	of	the	four	sequences,	New	Deletion	reverse	appeared	to	be	the	best	
primer	to	use	with	the	Optimal	Deletion	forward	for	deletion	amplification.	Referring	
to	figure	2.1,	both	the	Optimal	Deletion	forward	and	New	Deletion	reverse	primers	
have	near	identical	Tm	(0.4oC	difference)	and	GC	content	(0.2%	difference).	With	
identical	Tm’s	equal	numbers	of	forward	and	reverse	primers	will	theoretically	be	
bound	during	the	annealing	phase	of	QPCR.	Using	this	primer	pair	at	its	optimal	
annealing	temperature,	maximal	numbers	of	both	the	forward	and	reverse	primers	
will	be	bound	to	the	target,	maximising	amplification	efficiency	of	mtDNA	deletions	
present	(Bustin	and	Huggett,	2017).	Following	the	primer	pairs	success	and	the	
above	explanation,	these	primers	were	chosen	as	the	optimal	primer	combination	
for	deletion	amplification.		
	
Further	Deletion	Amplification	
	
Following	the	success	of	the	Optimal	Deletion	forward	and	New	Deletion	reverse	
primers,	comparison	between	BioRad	and	Powerup	SYBR	green	was	done	to	identify	
which	master	mix	was	optimal	for	deletion	amplification	(figures	3.37	to	3.40):	
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Figure	3.37.	BioRad	SYBR	green	QPCR	amplification	data	of	Optimal	Deletion	F	primer	with	New	
Deletion	R.	QPCR	annealing	temperature	was	set	at	64oC	for	60s	for	45	cycles.	Reactions	used	three	
Zymo	extracts.		
	
	
	
Figure	3.38.	BioRad	SYBR	green	QPCR	melt	peak	data	of	Optimal	Deletion	F	primer	with	New	
Deletion	R.	QPCR	annealing	temperature	was	set	at	64oC	for	60s	for	45	cycles.	Reactions	used	three	
Zymo	extracts.	
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Figure	3.39.	Powerup	SYBR	green	QPCR	amplification	data	of	Optimal	Deletion	F	primer	with	New	
Deletion	R.	QPCR	annealing	temperature	was	set	at	64oC	for	60s	for	45	cycles.	Reactions	used	three	
Zymo	extracts.		
	
	
	
Figure	3.40.	Powerup	SYBR	green	QPCR	melt	peak	data	of	Optimal	Deletion	F	primer	with	New	
Deletion	R.	QPCR	annealing	temperature	was	set	at	64oC	for	60s	for	45	cycles.	Reactions	used	three	
Zymo	extracts.	
	
Both	SYBR	green	mixes	succeeded	in	producing	amplification,	with	Powerup	
generating	a	wider	range	of	Cq	values	compared	to	BioRad	(figure	3.37	and	3.39).	
Note	that	the	Cq	values	of	both	BioRad	and	Power	amplification	are	still	high,	which	
is	an	issue	for	replicability	and	assay	optimisation.	Powerup	however,	failed	to	
generate	amplification	in	every	reaction.	Referring	to	the	RFU	scale	in	figures	3.37	
and	3.39,	BioRad	appeared	to	amplify	over	double	the	product	Powerup	amplified	
once	the	reaction	had	finished.	Finally,	the	product	amplified	using	BioRad	had	a	
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melting	temperature	of	77-78oC	whereas	product	amplified	using	Powerup	had	a	
melting	temperature	of	75-76oC.	Successful	triplicate	reactions	from	both	BioRad	and	
Powerup	QPCRs	were	run	on	agarose	gel	to	identify	how	many	products	were	
amplified	and	their	respective	sizes	(figure	3.41):	
	
	
Figure	3.41.	QPCR	samples	from	figures	3.37-3.40.	Reactions	used	the	Optimal	Deletion	forward	
primer,	New	Deletion	reverse	primer,	and	three	Zymo	extracts	as	stated	in	the	descriptions	of	each	
lane.	Lane1	=	Ladder,	Lane2	=	10	x	60	day	old	single	fly	extract	w/	BioRad,	Lane3	=	60	day	old	single	
fly	extract	w/	BioRad,	Lane4	=	10	day	old	single	fly	extract	w/	Powerup,	Lane5	=	Ladder.	Gel	was	
made	at	2%	using	1x	TBE	and	run	at	90V	for	60	minutes.		
	
From	figure	3.41,	Powerup	amplified	a	single	product	~130bp	in	size	(band	5).	A	
similar	sized	product	was	also	amplified	in	the	BioRad	reactions	(bands	2	&	3).	The	
five	major	bands	highlighted	in	figure	3.41	were	excised,	purified,	and	sent	for	
sequencing.		
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Band	1	sequencing	produced	a	clear	mitochondrial	sequence	close	to	the	forward	
primer	but	lacked	evidence	of	a	sequence	close	to	the	reverse.	Using	the	sequencing	
data,	the	product	was	analysed	for	presence	of	a	repeat	which	may	have	caused	the	
deletion	of	mtDNA,	finding	‘TTATTTGTTTG’	close	to	the	end	of	the	product.	Analysis	
of	sequence	close	to	the	reverse	primer	identified	‘TTATGTGTTTG’	which	was	the	
closest	match	to	the	direct	repeat	potentially	responsible	for	the	amplified	deletion	
(figure	3.42).	Referring	to	figure	3.22,	this	appears	to	be	the	same	deletion	amplified	
using	the	Yui	Extended	primers.	This	however,	cannot	be	used	definitively	to	state	
where	the	second	breakpoint	occurred	but	can	be	used	to	identify	the	area	within	
which	the	second	breakpoint	will	have	likely	occurred.		
	
CCTTTATTTGTTTG	(ATCAGTAGTTATTACT…AATCTTATGTGTTTG)	CTGTATTAA	
																															2025	<	-	-	-	-	-	-	-	-	-	-	-	-	-	-	-	-	-	2673bp	-	-	-	-	-	-	-	-	-	-	-	-	-	-	-	>	4698	
Figure	3.42.	Evidence	of	two	direct	repeats	likely	causing	the	deletion	of	mitochondrial	sequence.	
Underlined	are	the	direct	repeats.	In	bold	are	all	bases	that	identically	match.	Enclosed	in	brackets	
is	the	2673bp	deleted	mitochondrial	sequence	from	2025nt	to	4698nt.	Sequence	generated	from	
reactions	which	used	the	Optimal	Deletion	forward	primer,	New	Deletion	reverse	primer,	and	a	
single	10	x	60	day	old	fly	Zymo	extract	w/	BioRad.		
	
Band	2	sequencing	produced	two	clear	mitochondrial	sequences	close	to	the	forward	
and	reverse	primers.	This	suggests	that	the	short	sequence	amplified	between	the	
two	primers	is	the	sequence	remaining	after	a	deletion	had	occurred.	Using	the	end	
of	each	sequence	as	breakpoints	of	a	potential	deletion,	the	surrounding	sequence	
was	analysed	for	evidence	of	direct	repeats	(figure	3.43):	
	
GGAATTGCT	(CATGGTGGAG…TTATGTGTTTGCT)	GTATTAAGAACT	
																			1879	<	-	-	-	-	-	-	-	-	-	-	-	2821bp	-	-	-	-	-	-	-	-	-	-	-	-	>	4700	
Figure	3.43.	Evidence	of	two	direct	repeats	likely	causing	the	deletion	of	mitochondrial	sequence.	
Underlined	are	the	direct	repeats.	In	bold	are	all	bases	that	identically	match.	Enclosed	in	brackets	
is	the	2821bp	deleted	mitochondrial	sequence	from	1879nt	to	4700nt.	Sequence	generated	from	
reactions	which	used	the	Optimal	Deletion	forward	primer,	New	Deletion	reverse	primer,	and	a	
single	10	x	60	day	old	fly	Zymo	extract	w/	BioRad.		
	
An	error	by	the	sequencing	company	meant	no	forward	sequence	was	supplied	for	
Band	3.	The	product	identified	in	the	reverse	sequence	data	exactly	matched	the	
product	in	band	2	close	to	the	reverse	primer,	suggesting	that	band	3	and	band	2	are	
the	same	mitochondrial	deletion	(figure	3.43).	This	is	further	supported	because	
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bands	2	and	3	are	the	exact	same	size	in	figure	3.41,	suggesting	that	they’re	
potentially	the	same	product.		
	
Band	4	sequencing	produced	sequence	with	no	clear	origin	even	using	low	specificity	
search.	As	a	result,	the	origin	of	this	product	was	not	identified	and	was	assumed	to	
be	a	product	of	nonspecific	amplification.		
	
Band	5	sequencing	produced	sequence	which	matched	the	same	product	in	band	2	
close	to	the	reverse	primer,	suggesting	that	band	5	and	band	2	are	the	same	
mitochondrial	deletion	(figure	3.43).	This	is	further	supported	because	bands	2	and	5	
are	similar	in	size	in	figure	3.41,	suggesting	that	they’re	the	same	product.		
	
The	sequence	of	bands	3	and	5	were	found	to	match	to	one	half	of	the	sequence	
retrieved	for	band	2.	Together	bands	2,	3,	and	5	all	appear	to	be	the	same	
mitochondrial	product,	present	in	all	three	extracts	(figure	3.41).	The	identification	of	
direct	repeats	likely	to	have	caused	the	deletion	amplified	in	band	2	(figure	3.43)	
suggest	that	the	same	mitochondrial	product	isolated	in	bands	2,	3,	and	5	was	from	
the	same	deletion.	Referring	to	figure	3.41,	the	lack	of	complete	sequence	for	bands	
3	and	5	may	be	due	to	the	lack	of	sufficiently	concentrated	product	in	the	purified	
extracts	of	these	bands	compared	to	band	2.	Note	that	bands	1	and	2	were	amplified	
from	an	extract	of	10	old	flies,	whereas	bands	3,	4,	and	5	were	amplified	from	
extracts	of	single	flies.	The	same	two	deletions	amplified	using	the	10	fly	extract	
(bands	1	and	2)	were	also	present	when	using	the	single	fly	extract	but	in	smaller	
quantities	(Lane	3	-	figure	3.41).	Because	of	this	it	could	be	assumed	that	more	
deleted	mtDNA	was	present	in	the	10	fly	extract	over	the	single	fly	extract,	so	target	
amplification	was	more	efficient	when	using	the	more	concentrated	extract.		
	
Conclusion	of	the	Results	
	
The	primary	goal	of	these	experiments	was	to	develop	an	assay	for	mtDNA	deletion	
amplification	and	quantification	in	single	Drosophila.	A	summarisation	of	the	
progression	of	primer	design	can	be	seen	in	figure	3.44.	With	such	high	and	variable	
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Cq	values	between	triplicate	repeats	of	successful	deletion	amplification	attempts,	
accurate	comparison	and	quantification	is	not	viable	using	the	current	assay.	So	
further	attempts	to	amplify	mtDNA	deletions	using	the	current	assay	will	not	
progress	quantification	efforts	and	will	only	occasionally	identify	new	deletions.	This	
is	likely	due	to	the	current	DNA	extraction	approach	failing	to	generate	sufficiently	
concentrated	mtDNA	deletions	per	Drosophila	for	consistent	and	replicable	
amplification.	So	assay	development	cannot	progress	if	insufficient	mtDNA	deletions	
are	present	per	single	Drosophila	extract	for	replicable	amplification	to	occur.	
Further	review	of	QPCR	assay	design,	mtDNA	extraction,	and	the	targeted	
amplification	of	specific	mtDNA	deletions	will	determine	if	quantification	is	possible	
using	the	current	approach.		
	
	
Figure	3.44.	Summarisation	of	the	troubleshooting	steps	and	progression	of	primer	design.	Primers	
are	shown	in	red.		
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Discussion	
	
Deletion	Amplification	Attempts	
	
The	goal	of	this	project	was	to	develop	an	assay	to	quantify	mtDNA	deletions	in	
single	Drosophila.	The	current	approach	however,	fails	to	consistently	amplify	
mtDNA	deletions	without	the	potential	for	nonspecific	amplification.	Accurate	
quantification	of	mtDNA	deletions	from	single	Drosophila	is	not	likely	using	the	
current	protocol	as	the	mtDNA	content	per	extract	is	too	small	and	variable.	QPCR	
assay	design,	mtDNA	extraction,	and	mtDNA	deletion	amplification	should	be	
reviewed	to	assess	if	the	current	approach	is	viable	for	mtDNA	deletion	
quantification.	Further	review	to	assess	which	adaptations	(if	any)	are	required	to	
make	quantification	viable	will	provide	the	direction	that	assay	development	should	
progress	towards.		
	
Yui	Primers	
	
It	was	assumed	that	the	Yui	primer	pair,	which	worked	well	in	amplifying	mtDNA	
deletions	in	previous	studies	would	also	elicit	similar	results	for	this	assay	(Yui	and	
Matsuura,	2006).	Initial	amplification	attempts	were	thus	focused	on	optimising	
conditions	for	replicability	and	efficiency.	After	consistent	amplification	regardless	of	
annealing	temperature	(57oC	to	68oC)	and	duration,	the	major	amplified	product	was	
identified	as	a	section	of	chromosome	2R	rather	than	a	deletion	from	the	target	
region.	The	3’	half	of	both	the	Yui	forward	and	reverse	primers	were	found	to	match	
closely	to	areas	either	side	of	the	misprimed	product.	This	provided	a	likely	
explanation	as	to	how	the	chromosomal	product	was	amplified	so	consistently.		
	
Consistent	mispriming	could	be	interpreted	as	a	combination	of	strong	enough	
mispriming	to	outcompete	the	desired	reaction,	an	excess	of	nDNA	which	
strengthened	mispriming	over	deletion	amplification,	or	a	lack	of	sufficient	deletions	
to	be	reliably	amplified	leaving	mispriming	as	the	next	most	efficient	reaction	(Ruiz-
Villalba	et	al.,	2017).	Previous	studies	have	suggested	that	mtDNA	deletions	within	
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this	target	region	are	present	(Yui	et	al.,	2003),	and	that	QPCR	can	detect	up	to	a	
single	target	copy	in	optimised	reactions	(Bustin	and	Huggett,	2017).	This	implies	
that	the	lack	of	deletion	amplification	is	likely	the	result	of	strong	3’	mispriming	and	a	
lack	of	sufficiently	concentrated	mtDNA	deletions	to	outcompete	nDNA	binding.	Also	
the	way	this	assay	is	designed	means	primers	will	bind	and	extend	on	non-deleted	
mtDNA	as	well	as	deleted	mtDNA,	which	will	reduce	the	initial	availability	of	primers	
for	deletion	amplification	until	sufficient	target	amplicons	are	present.	The	presence	
of	minor	amplification	of	an	additional	product	in	Yui	QPCRs	using	20	fly	extracts	
could	be	interpreted	as	either	amplification	of	mtDNA	deletion(s)	or	amplification	of	
the	next	most	efficient	nonspecific	reaction.	In	hindsight	the	smaller	peak	(74-78oC)	
identified	in	these	QPCRs	was	likely	a	deletion(s)	amplified	in	small	quantities,	as	any	
isolated	deletion	appeared	in	the	same	temperature	range.	If	the	additional	product	
was	deleted	mtDNA	then	the	only	way	this	primer	pair	could	work	is	if	the	template	
has	a	sufficiently	high	concentration	of	deleted	mtDNA	or	the	concentration	of	nDNA	
was	substantially	reduced.	Overall	the	Yui	primer	pair	demonstrated	poor	target	
binding,	consistently	mispriming	to	a	chromosomal	site	with	high	replicability	and	
thus	rendering	the	primer	pair	useless	for	deletion	amplification.		
	
Yui	Extended	Primers	
	
Yui	extended	primers	were	redesigned	to	reduce	or	eliminate	3’	mispriming	to	the	
chromosomal	mismatches	and	strengthen	binding	to	the	target	mitochondrial	region	
whilst	maintaining	most	of	the	original	primer	sequence.	Initially,	Yui	Extended	
primers	produced	one	major	melt	peak	for	all	reactions	corresponding	to	a	distinct	
mitochondrial	sequence	within	the	target	gene,	suggesting	amplification	of	deleted	
mtDNA.	Further	Yui	Extended	QPCR	reactions	failed	to	amplify	mitochondrial	
sequence	as	the	major	product,	instead	amplifying	additional	chromosomal	products	
in	higher	concentrations.	Generally,	the	lower	concentrations	of	the	extracts	used	for	
these	QPCRs	suggest	that	there	was	a	lack	of	sufficient	mtDNA	deletions	to	reduce	
nonspecific	amplification.	Mispriming	again	appears	to	be	the	result	of	poor	primer	
design,	where	shifting	the	Yui	primers	3’	by	3	bases	increased	the	Tm	difference	
between	the	primers	to	12oC.	By	definition,	when	annealing	temperature	matches	a	
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primers	Tm	~50%	of	primer	molecules	are	bound	to	the	target.	The	lower	the	
annealing	temperature	becomes	relative	to	a	primers	Tm	the	higher	the	percentage	
of	bound	primers	(Chuang	et	al.,	2013).	At	too	low	an	annealing	temperature	primer	
binding	requires	less	specificity	and	amplification	of	nonspecific	products	may	occur.	
At	too	high	of	an	annealing	temperature	relative	to	a	primers	Tm,	the	primer	will	fail	
to	bind	to	any	sequence	(Chuang	et	al.,	2013).	Generally,	higher	annealing	
temperatures	are	used	as	reducing	the	likelihood	of	nonspecific	amplification	is	more	
important.	A	large	Tm	difference	between	a	primer	pair	will	fail	to	efficiently	
generate	target	product,	increasing	the	likelihood	of	nonspecific	amplification	(Bustin	
and	Huggett,	2017).		
	
Since	the	Yui	Extended	Tm’s	differ	so	much,	target	binding	and	amplification	will	rely	
on	a	higher	deletion	concentration	to	be	successful.	Success	of	the	initial	Yui	
Extended	QPCR	may	have	been	due	to	stronger	presence	of	deleted	mtDNA	from	a	
more	concentrated	extract	(60-day	old	25oC	Qiagen	extract),	reducing	the	overall	
likelihood	of	mispriming.	This	will	have	reduced	or	prevented	amplification	of	
nonspecific	products	once	sufficient	target	amplification	had	occurred.	Use	of	both	
Zymo	and	Qiagen	extracts	produced	similar	mispriming,	suggesting	that	mtDNA	
quantity	may	not	have	been	the	major	cause.	Review	of	the	primer	pair	found	strong	
self-dimerization	of	the	forward	primer,	suggesting	further	disruption	to	target	
amplification.	Consistent	amplification	of	additional	products	other	than	target	
deleted	mtDNA	rendered	this	primer	pair	useless	for	deletion	amplification.		
	
Alternative	Deletion	Primers	
	
The	only	successful	reactions	using	the	Alternative	Deletion	primer	pair	produced	Cq	
values	of	38-48	and	melting	peaks	at	70oC-75oC	with	no	replicability.	Cq	values	above	
35	tend	to	be	reported	as	indeterminate	and	highly	variable	when	replicated	(Bolotin	
et	al.,	2015).	Melt	peak	temperatures	between	70oC-75oC	are	generally	considered	to	
be	primer	dimer	structures	(Ruijter	et	al.,	2019).	When	ran	on	agarose	gel	the	
amplified	band	was	too	faint	to	accurately	record,	with	faint	fluorescence	seen	on	
the	gel	below	50bp.	Since	QPCR	requires	just	a	single	copy	of	the	target	for	a	
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successful	reaction,	this	level	of	inefficiency	suggests	either	no	target	was	present	or	
poor	primer	binding	to	the	target	sequence.	Evidence	of	deletion	detection	using	Yui	
Extended	primers	suggests	that	deletions	will	occur	in	at	least	some	extracts	and	
thus	inefficient	primer	binding	for	the	Alternative	Deletion	pair	is	likely	the	issue.	
With	high	Cq	values,	no	replicability,	and	no	visible	band	of	DNA	when	ran	on	a	gel	
the	Alternative	Deletion	primer	pair	was	ignored	for	further	amplification	attempts.		
	
New	Deletion	Primers	
	
QPCR	reactions	using	the	New	Deletion	primer	pair	produced	no	amplification,	
regardless	of	annealing	temperature	or	duration.	Further	review	of	this	primers	
design	found	it	has	the	lowest	potential	for	mispriming	and	dimerization	across	all	
four	deletion	primer	pairs.	The	absence	of	amplification	could	be	due	to	a	lack	of	
mtDNA	deletions	within	the	sample	or	a	lack	of	primer	binding	to	the	target.	The	Tm	
values	of	this	primer	pair	were	equal	to	or	higher	than	any	annealing	temperatures	
used	(Forward	Tm	=	74.5oC,	Reverse	Tm	=	67.6oC),	so	sufficient	primers	should	have	
annealed	for	amplification	to	occur	in	each	reaction.	As	most	polymerases	function	
best	at	72oC,	higher	primer	Tm	is	generally	encouraged	for	QPCR	reactions	(Bustin	
and	Huggett,	2017).	Assuming	this,	amplification	may	have	failed	due	a	lack	of	
deleted	mtDNA,	but	previous	studies	highlighting	the	age-related	accumulation	of	
mtDNA	deletions	generally	refutes	this	(Bua	et	al.,	2006;	Kennedy	et	al.,	2013;	Yui	et	
al.,	2003).		
	
Since	primer	binding	should	have	occurred	and	repeated	trials	produced	no	
amplification,	then	either	consistent	instrumental	failure,	experimental	failure,	or	
significant	inhibition	in	the	reaction	could	have	been	the	cause.	Instrumental	failure	
is	unlikely	given	that	positive	results	for	other	users	were	occurring.	Total	
experimental	failure	is	unlikely	as	non-specific	and	control	amplification	was	
achieved	using	the	same	reaction	components	with	different	primer	pairs.	Reaction	
inhibition	could	have	occurred	through	contaminated	template	despite	clear	
amplification	with	different	primer	pairs.	Consistent	presence	of	inhibitory	
components	within	extraction	kits	can	reduce	polymerase	activity	and	amplification	
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efficiency	(McCord	et	al.,	2015).	Regardless	of	minor	inhibition,	control	amplification	
using	the	same	templates	occurred.	Cq	replicability	of	amplified	products	generally	
improved	when	using	template	from	total	extracts	with	higher	concentrations	and	
when	template	was	diluted	from	higher	concentrations.	Failure	of	this	primer	pair	
despite	the	minimal	potential	for	mispriming	prompted	primer	design	to	be	revisited.	
	
Optimal	Deletion	Primers	
	
Design	of	another	forward	primer	was	based	on	correcting	the	poor	design	choices	
of	previous	attempts.	Across	all	four	primer	pairs	either	no	amplification,	nonspecific	
amplification,	or	primer	structures	produced	the	bulk	of	results.	The	only	successful	
amplification	of	deleted	mtDNA	was	when	using	the	Yui	Extended	primer	pair	which	
had	the	largest	difference	between	forward	and	reverse	Tm	and	high	potential	for	
forward	primer	self-dimerization.	Design	of	an	optimal	forward	primer	was	thus	
focused	on	reducing	mispriming	and	self-dimerization,	encompassing	the	existing	
target	region,	having	base	pair	length	of	18	to	23,	maintaining	a	GC	content	of	~50%,	
and	a	Tm	of	~68oC.		
	
The	Optimal	Deletion	forward	primer	(Tm	of	68oC	and	a	GC	content	of	47.8%)	was	
initially	trialled	with	all	other	reverse	deletion	primers	to	find	an	optimal	pair.	The	
combination	of	Optimal	Deletion	Forward	with	New	Deletion	Reverse	produced	the	
most	replicable	result	with	a	distinct	mtDNA	deletion	isolated	on	the	gel.	As	a	result,	
this	primer	pair	was	selected	for	further	deletion	amplification	efforts	over	all	other	
combinations.	The	similarities	in	Tm	and	GC	content,	with	a	Tm	difference	of	0.4oC,	
provides	part	of	the	explanation	as	to	how	this	primer	pair	amplified	target	mtDNA	
more	effectively	than	other	combinations.	At	similar	Tm	values,	near	equal	numbers	
of	both	forward	and	reverse	primer	molecules	will	be	bound	to	the	target	sequence	
(Chuang	et	al.,	2013).	So	the	annealing	temperatures	where	maximal	forward	and	
reverse	primer	molecules	are	bound	to	the	target	sequence	is	also	near	equal.	Thus	
target	amplification	efficiency	is	most	optimal	when	using	this	primer	combination	
over	all	others.	The	higher	target	amplification	efficiency	becomes	the	faster	target	
amplification	surpasses	any	mispriming	and	reaches	the	detection	threshold	and	
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more	accurately	represents	deletion	copy	number	within	the	sample	(Kralik	and	
Ricchi,	2017).		
	
Further	analysis	of	this	primer	pair	was	performed	using	BioRad	and	Powerup	SYBR	
Green	to	compare	their	effects	on	replicability	and	deleted	product	generation.	
Reactions	from	BioRad	and	Powerup	were	run	on	agarose	gel	and	five	bands	were	
isolated	across	three	different	DNA	extractions.	Four	of	the	five	bands	were	found	to	
be	mitochondrial	(with	the	other	band	unidentifiable),	further	supporting	the	use	of	
this	primer	pair	for	deletion	amplification.	Three	of	these	mitochondrial	bands	
shared	near	identical	sequences	and	identical	flanking	repeats.	Collectively	this	
suggested	the	amplification	of	the	same	sequence	from	three	different	samples.	This	
amplification	could	be	the	result	of	a	common	deletion	within	the	COX	region	or	
amplification	of	the	most	amplifiable	sequence.	Amplification	of	a	common	COX	
mtDNA	deletion	follows	known	deletion	bias	within	the	COX	region	(Yu-Wai-Man	et	
al.,	2010;	Yui	et	al.,	2003).	During	amplification,	the	shortest	sequence	will	naturally	
amplify	first	as	it	requires	the	least	nucleotides	to	be	replicated	(Cha	and	Thilly,	
1993).	The	larger	the	deleted	sequence	the	shorter	the	resulting	amplified	product	as	
there	are	fewer	base	pairs	between	both	primers.	If	multiple	deleted	products	are	
competing	for	amplification	components,	then	the	deleted	product	with	the	highest	
concentration	will	saturate	reaction	components	and	surpass	the	detection	
threshold	first,	contributing	to	most	of	the	Cq	value	for	that	reaction	(Peng	et	al.,	
2015).	If	mtDNA	deletions	resulting	from	flanking	repeats	are	at	near	equal	levels,	
then	the	largest	deletion	(shortest	sequence)	will	be	amplified	fastest	and	reach	
threshold	concentrations	first.	In	practice	this	means	the	final	concentrations	of	each	
amplified	deletion	are	uneven,	favouring	the	largest	deletion	in	this	case.	Previous	
results	support	this	assumption	as	all	sequenced	bands	were	mitochondrial,	the	most	
concentrated	mitochondrial	bands	were	all	the	smallest,	and	the	most	concentrated	
deletions	spanned	the	largest	section	of	mtDNA.			
	
The	following	attempts	to	amplify	mtDNA	deletions	lead	to	further	issues	with	
nonspecific	amplification	and	variable	Cq	values	within	triplicates,	which	tended	to	
occur	more	at	higher	Cqs	as	expected.	Greater	variability	between	triplicates	
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generally	occurred	when	using	template	from	DNA	extracts	with	low	concentrations	
and/or	poor	purity.	When	performing	an	extraction	of	multiple	Drosophila,	QPCR	
reactions	using	this	extract	as	a	template	produced	more	replicable	Cq	values	
regardless	of	the	amplified	product.	Cq	variation	of	more	than	0.5	is	generally	
considered	untrustworthy	and	discarded	(Nolan	et	al.,	2006).	Thus	further	
amplification	attempts	using	the	current	extraction	methodology	will	likely	fail	to	
produce	replicable	and	accurate	amplification	of	mtDNA	deletions	within	single	
Drosophila	for	quantification.	Revision	of	the	current	assay	with	focus	on	optimising	
extraction	of	mtDNA	to	improve	the	quality	of	amplification	would	be	the	next	clear	
step.				
	
The	Major	Factors	Influencing	Target	Amplification	
	
Experimental	Design	&	Optimisation	in	QPCR	
	
For	a	precise	and	reliable	QPCR	assay,	thorough	optimisation	of	QPCR	protocol,	
instrumentation,	reagents,	and	analysis	methods	are	vital.	For	QPCR	assays	detecting	
small	differences	in	target	presence,	such	as	mtDNA	deletions,	precision	is	essential	
for	reliable	quantification	(Bustin	et	al.,	2009).	A	well	optimised	QPCR	protocol	will	
be	able	to	amplify	single	target	molecules	within	a	sample,	display	consistency	across	
replicate	experiments,	high	amplification	efficiency	between	95%	to	105%,	be	highly	
specific	with	minimal	mispriming,	and	have	a	wide	dynamic	range	(Forootan	et	al.,	
2017).	A	robust	assay	will	generate	usable	data	if	conditions	are	not	quite	optimal,	
traces	of	inhibitor	are	present,	or	if	the	thermal	cycler	heats	the	block	unevenly.	
Currently	the	low	levels	of	mtDNA	template	extracted	per	fly	means	that	although	
deletion	amplification	can	occur,	relative	quantification	is	impossible.	Amplification	
efficiency	will	unlikely	reach	the	recommended	95%	to	105%	range	as	primers	will	
also	bind	to	non-deleted	mtDNA.		
	
Generally,	assay	optimisation	is	dependent	on	the	combination	of	components,	with	
the	introduction	of	one	different	component	requiring	total	re-optimisation	of	each	
reaction	components	concentration	and	the	PCR	conditions	used	(Nolan	et	al.,	2006).	
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Attempts	at	assay	optimisation	were	impeded	by	nonspecific	amplification	and	an	
overall	lack	of	consistent	target	amplification	throughout	the	primer	pairs	trialled.	So	
optimisation	was	repeatedly	performed	for	each	primer	pair	and	SYBR	Green	used,	
exhausting	valuable	laboratory	time	on	optimising	an	assay	which	failed	to	amplify	
mtDNA	deletions	with	enough	replicability.	Optimisation	mainly	involved	trialling	
different	PCR	conditions,	template	concentrations,	and	template	from	different	flies.		
From	the	results	and	optimisation	attempted,	poor	template	quality	and	quantity	
hampered	efforts	to	improve	amplification	efficiency	using	single	Drosophila	
extracts.	Using	a	consistent	template	consisting	of	extracts	of	multiple	flies	mixed	
and	diluted	to	a	standard	concentration	would’ve	benefited	optimisation	to	an	
extent,	but	still	not	been	completely	applicable	to	single	Drosophila	when	using	the	
current	extraction	protocol.	The	focus	on	developing	a	high	throughput	assay	meant	
commercial	extraction	kits	were	initially	preferred	to	much	better	and	slower	
alternative	extraction	methods,	in	particular	phenol-chloroform	extraction.	The	exact	
issues	of	template	quality	and	quantity	will	be	discussed	later	in	the	dissertation.		
	
Reproducibility	of	target	amplification	is	influenced	by	template	quality	and	quantity	
(Cankar	et	al.,	2006),	the	reagents	used	in	the	reaction	and	their	respective	
concentrations	(Alemayehu	et	al.,	2013),	and	the	thermal	cycler	used	to	perform	the	
reaction	(Picard-Meyer	et	al.,	2015).	So	an	assay,	regardless	of	quality	and	success,	
must	be	validated	and	optimised	for	each	researcher’s	conditions	and	equipment.	
Optimising	an	assay	prior	to	experimental	use	will	avoid	inconsistency	and	failure,	
saving	time	and	money	in	the	process.	Multiple	DNA	lesions	can	block	polymerase	
progression	during	the	PCR	reaction.	If	equal	concentrations	of	template	are	used	
then	the	only	variable	impacting	amplification	(in	an	optimal	assay)	is	the	presence	of	
lesions,	including	adducts,	abasic	sites,	and	single-stranded	breaks	(Ponti	et	al.,	
1991).	So	when	using	an	optimal	assay,	minor	variation	in	amplification	replicability	
between	extracts	is	expected.		
	
Since	empirical	validation	is	so	important,	publication	of	QPCR	data	requires	
sufficient	information	(Bustin	et	al.,	2009;	Huggett	et	al.,	2013).	Multiple	reports	
scoring	the	quality	of	QPCR	studies	generally	found	that	the	critical	information	used	
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to	report	QPCR	data	is	insufficient	for	supporting	the	validity	of	conclusions	made	
(Bustin	and	Nolan,	2017;	Huggett	and	Bustin,	2011).	The	2006	study	by	Yui	and	
Matsuura	for	example,	lacks	sufficient	information	to	exactly	repeat	the	
homogenisation	and	phenol-chloroform	steps	of	DNA	extraction	and	fails	to	explain	
if	each	Drosophila	extraction	used	generated	mtDNA	deletion	amplification	(Yui	and	
Matsuura,	2006).	So	the	development	of	an	assay	with	sufficient	critical	information	
to	be	validated	and	reproduced,	means	that	a	significant	amount	of	optimisation	
across	the	whole	assay	would	be	required.		
	
Deciding	on	which	amplicon	to	use	is	important,	as	certain	master	mixes	and	
amplification	mechanisms	function	optimally	with	different	sizes	of	amplicon.	Probe-
based	assays	for	example,	benefit	from	shorter	amplicons	(60-90bp)	as	the	
suboptimal	elongation	temperatures	do	not	always	double	the	target	with	each	cycle	
(Debode	et	al.,	2017).	SYBR	Green	assays	are	optimised	for	amplicons	of	80-150bp,	
with	amplicons	less	than	80bp	causing	difficulties	when	differentiating	between	
primer	dimers	and	can	result	in	high	Cq	values	(Zipper	et	al.,	2004).	That	said,	an	
assay	which	amplifies	longer	amplicons	will	perform	better	than	shorter	amplicons,	
as	long	as	the	amplicon	is	not	excessively	longer	than	the	recommended	size	(Bustin	
and	Huggett,	2017).	When	attempting	to	amplify	any	mtDNA	deletion	present	within	
the	target	region,	the	amplicons	size	may	vary	depending	on	which	repeats	the	
deletion	resulted	from.	Generally,	the	size	of	all	identified	target	amplicons	was	
between	100bp	to	200bp	in	length.	As	SYBR	green	QPCR	assays	are	optimised	for	
amplicons	of	80-150bp	in	length,	preferable	amplification	of	larger	deletions	(smaller	
amplicons)	may	be	the	reason	no	smaller	deletions	(larger	amplicons)	were	
amplified.		
	
Recommended	primer	concentration	for	SYBR	Green	assays	is	usually	lower	than	for	
probe	assays,	but	this	is	dependent	on	multiple	other	factors	including	varying	
forward	and	reverse	concentrations	as	well	as	each	primers	optimal	conditions	
(Bustin	and	Huggett,	2017).	SYBR	Green	has	an	affinity	for	AT	rich	sequences	over	
GC,	causing	AT	rich	amplicons	to	produce	lower	Cq	values	than	GC	rich	ones.	In	SYBR	
Green	assays	the	dye	to	base	pair	ratio	is	not	consistent,	rather	it	changes	with	cycle	
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number	as	dsDNA	is	generated	and	interacts	with	the	minor	groove	of	the	melt	curve	
(Bustin	and	Huggett,	2017).	The	following	melt	curve	is	thus	influenced	by	cycle	
number	and	DNA	quantity	after	amplification	(Zipper	et	al.,	2004).	Amplicons	should	
always	be	analysed	for	secondary	structure,	as	the	formation	of	secondary	structures	
will	reduce	amplification	efficiency.	Kinetics	of	the	annealing	reaction	will	tend	
towards	intramolecular	binding	over	primer	binding,	reducing	primer	binding	
efficiency	and	thus	amplification	efficiency	if	secondary	structure	formation	occurs	
(Gao	et	al.,	2006).	Additionally,	the	sequences	either	side	of	the	amplicon	should	be	
reviewed,	as	they	could	impact	primer	binding	and	the	initial	PCR	stages	through	
secondary	structures	(Wilhelm	et	al.,	2000).	As	this	assay	aimed	to	amplify	mtDNA	
deletions	from	a	range	of	sequence	rather	than	just	one	specific	deletion,	amplicons	
could	only	be	analysed	for	secondary	structures	once	they	were	amplified,	which	
defeats	the	overall	purpose.	Regardless	of	the	suggestions	for	amplicon	size	and	
location,	in	practice	the	overall	success	of	an	assay	depends	on	its	specificity	and	
optimisation.		
	
Primer	Design	in	QPCR	
	
One	of	the	major	concerns	when	designing	an	assay	is	the	unfamiliarity	of	primer	
design	parameters	and	the	lack	of	appropriate	design	tools.	Primer	design	and	
optimisation	generally	follows	four	steps;	target	identification,	primer	design,	primer	
characterisation,	and	assay	optimisation.	Primer	pairs	which	are	appropriately	
validated	and	optimised	are	essential	in	establishing	the	robustness,	sensitivity,	and	
specificity	of	any	PCR	reaction	(Robertson	and	Walsh-Weller,	1998).	A	well	designed	
primer	pair	will	not	dimerise,	will	be	highly	specific	with	minimal	mispriming,	and	will	
be	as	close	to	100%	efficient	as	possible.	Current	primer	design	programs	lack	all	the	
tools	to	design	an	optimal	primer	pair,	so	for	mispriming	to	be	completely	avoided	
each	primer	must	be	assessed	manually	for	mispriming.	If	primers	generate	useable	
results	over	a	range	of	temperatures,	the	primer	pair	is	generally	considered	to	be	
robust,	with	target	amplification	over	a	very	narrow	range	of	temperatures	
considered	to	not	be	robust.	When	attempting	to	design	a	primer	pair	the	amplicons	
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structure,	location,	and	uniqueness	should	be	considered	to	achieve	accurate	
quantification	(Chuang	et	al.,	2013).		
	
The	critical	value	for	primer	design	is	the	annealing	temperature	(Ta)	rather	than	Tm,	
as	Ta	defines	the	temperature	where	maximal	primer	binding	to	the	target	occurs.	Ta	
must	be	established	experimentally	because	most	primer	design	programs	fail	to	
calculate	this	for	you	(SantaLucia,	2007).	Optimal	annealing	temperature	differs	with	
various	buffers,	so	primer	optimisation	should	be	performed	for	each	of	the	different	
buffers	used	(Nonis	et	al.,	2011).	Generally,	the	physical	closeness	of	a	primer	pair	at	
mismatched	sites	(where	the	nonspecific	product	is	very	short)	may	result	in	
nonspecific	amplification	even	at	optimal	reactions	conditions.	The	BLAST	program	
cannot	guarantee	optimal	primer	design	since	it	fails	to	highlight	thermodynamically	
favourable	annealing	and	lacks	accurate	scoring	of	the	gaps	which	can	potentially	
loop	out	a	base,	creating	a	‘bulge’	(SantaLucia,	2007).		
	
Some	consideration	on	the	issues	of	mispriming	should	also	be	made	for	nDNA	and	
the	presence	of	Nuclear	Mitochondria	DNA	or	NUMTs.	NUMTs	are	generated	
following	the	release	of	mtDNA	to	the	cytoplasm	after	mitochondrial	and	
morphological	changes,	where	mtDNA	is	transferred	to	the	nucleus	and	inserted	into	
nDNA	through	double-stranded	break	repair	(Gaziev	and	Shaikhaev,	2010;	Hazkani-
Covo	et	al.,	2010).	NUMTs	have	been	identified	across	all	studied	eukaryotes	
differing	in	size	and	number	across	species,	with	the	majority	of	mitochondrial	
genome	regions	reported	as	capable	of	being	integrated	into	the	nuclear	genome	
(Hazkani-Covo	et	al.,	2010;	Qu	et	al.,	2008).	NUMTs	also	appear	to	have	non-random	
distribution	with	an	increased	likelihood	of	insertion	into	certain	locations	(Tsuji	et	
al.,	2012).	Notably,	NUMTs	have	the	potential	to	impact	the	function	of	whichever	
gene	they	are	inserted	into	including	the	potential	to	influence	various	disorders	and	
ageing	(Dayama	et	al.,	2014;	Gaziev	and	Shaikhaev,	2010).	So	to	an	extent	there	is	
some	potential	for	nDNA	mispriming	within	a	sample	if	a	sufficient	proportion	of	a	
mtDNA	primer	binding	site	has	been	transferred	to	nDNA.	However,	the	lack	of	
evidence	of	sufficient	NUMTs	possessing	target	primer	sites	to	influence	target	
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amplification	to	an	impactful	degree	within	a	sample	likely	means	NUMTs	are	not	a	
major	factor	impacting	amplification	efficiency.		
	
When	using	a	primer	pair	used	in	a	separate	study,	reliable	QPCR	requires	validation	
and	optimisation	according	to	each	laboratories	equipment	and	conditions	(Bustin	
and	Huggett,	2017).	The	Yui	primer	pair	when	trialled	across	a	wide	temperature	
range	appeared	robust,	replicable,	and	lacking	any	dimerization	in	the	final	product.	
However,	after	the	amplified	product	was	identified	as	nonspecific,	further	review	of	
Yui	and	Matsuuras	2006	study	found	no	information	about	nonspecific	amplification	
(Yui	and	Matsuura,	2006).	Further	primer	design	attempts	lead	to	difficulties	due	to	
the	small	useable	area	either	side	of	the	region	containing	the	flanking	repeats.	
Because	the	area	for	primer	design	was	so	small,	many	combinations	produced	
mispriming,	dimerization,	and	either	very	low	or	high	Tm	values.	As	nonspecific	
amplification	was	the	issue	with	the	Yui	and	Yui	Extended	primer	pairs,	further	
primer	design	was	focused	on	preventing	mispriming.	This	was	achieved	by	manually	
assessing	all	potential	mispriming	sites	and	their	closeness	to	one	another.	If	two	
mispriming	sites	with	sufficient	3’	matches	are	within	less	than	300	bases,	then	the	
primer(s)	would	be	further	redesigned.	The	following	Alternate	and	New	Deletion	
primer	pairs	succeeded	in	avoiding	nonspecific	amplification	but	failed	to	amplify	any	
product	(other	than	potential	dimerization).	The	design	of	an	‘optimal’	forward	
deletion	primer	took	the	previously	discussed	points	of	optimal	primer	design	into	
question.	The	success	of	the	Optimal	Deletion	forward	primer	and	New	Deletion	
reverse	primer	reflected	the	quality	of	the	primers	combination.	Together	this	primer	
pair	has	the	lowest	mispriming	and	dimerization	potential	with	the	closest	Tm	values	
of	any	primer	combination.	This	final	primer	design	exhausted	the	viable	options	for	
COX	deletion	detection	without	losing	some	of	the	encompassed	flanking	repeats	or	
extending	the	length	of	potential	products.	
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DNA	Quantity	in	QPCR	
	
Further	use	of	the	Optimal	Deletion	primer	pair	still	leads	to	variable	Cq	values	and	
potential	for	nonspecific	amplification	within	the	current	assay.	Optimisation	of	both	
primer	design	and	assay	conditions	still	produced	nonspecific	amplification,	
dependant	on	the	template	used.	Replicability	was	relatively	random	between	
extracts,	but	extracts	with	higher	concentrations	generally	produced	more	replicable	
reactions	and	were	more	likely	to	amplify	target	product.	A	primer	pair	will	not	
generate	identical	results	under	different	conditions	as	assay	performance	varies	
depending	on	what	extraction	and	purification	methods	were	used	to	generate	the	
required	template	(Cankar	et	al.,	2006).	Thus	the	DNA	extraction	methodology	and	
resulting	template	is	the	likely	cause	of	nonspecific	amplification	and	lack	of	target	
amplification.	
	
Total	Drosophila	DNA	extraction	using	commercial	kits	produces	variable	
concentrations	of	DNA,	with	generally	low	DNA	concentrations	from	the	Zymo	and	
Invitrogen	extraction	kits.	DNA	extracts	from	the	Qiagen	extraction	kit	produced	
significantly	higher	concentrations	overall,	but	still	largely	variable.	Regardless,	
consistently	poor	replicability	and	target	amplification	plagued	assay	development.	
Following	the	contamination	of	the	Qiagen	extraction	kit,	attempts	to	optimise	the	
Zymo	extraction	kit	still	failed	to	generate	high	enough	concentrations	of	DNA	and	
were	still	largely	variable.	The	use	of	multiple	fly	extracts	was	useful	to	generate	
sufficiently	concentrated	mtDNA	to	amplify	deletions	but	not	to	quantify	deletions	in	
individual	flies.	An	issue	with	extracting	maximal	mtDNA	per	fly	is	the	small	overall	
quantity	of	starting	mtDNA	molecules	in	Drosophila	compared	to	mammalian	tissue	
samples.	Commercial	DNA	extraction	kits	often	rely	on	silica-based	extraction,	where	
DNA	is	expected	to	bind	to	the	column	and	remain	there	throughout	repeated	
washing	steps	until	elution.	If	DNA	is	unable	to	bind	it	is	simply	washed	away	and	
discarded.	When	extracting	DNA	from	smaller	starting	quantities	this	minor	DNA	loss	
may	become	more	pronounced	(Katevatis	et	al.,	2017).	Commercial	kits	often	require	
a	high	starting	input	of	DNA	to	produce	usable	extracts,	meaning	mtDNA	extraction	
from	single	flies	likely	fails	to	produce	sufficient	template	in	the	final	extract.	Since	
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the	cellular	ratio	of	deleted	to	non-deleted	mtDNA	varies	widely,	a	high	quantity	of	
mtDNA	molecules	will	be	required	so	that	sufficient	deleted	mtDNA	is	present	within	
the	sample	for	replicable	amplification.	In	this	assays	case	this	must	account	for	the	
deletion	of	just	one	region	of	mtDNA,	so	the	minimum	mtDNA	concentration	for	
replicable	deletion	amplification	will	be	high.		
	
Amplification	of	nonspecific	products	is	frequently	seen	in	QPCR	assays	and	is	
generally	unrelated	to	the	resulting	PCR	efficiency	and	Cq	values.	Amplification	of	
nonspecific	products	and	accurate	quantification	of	target	products	is	partly	
dependent	on	the	quantity	of	‘non-template’	DNA	(Ruiz-Villalba	et	al.,	2017).	
Presence	of	nDNA	when	attempting	to	amplify	and	quantify	mtDNA	deletions	will	
impact	accurate	quantification	and	as	previously	seen,	lead	to	the	amplification	of	
nonspecific	products.	The	lack	of	specific	mtDNA	extraction	or	isolation	means	that	
total	Drosophila	DNA	extraction	contained	excess	nuclear	DNA	which	contributed	
significantly	to	nonspecific	amplification	and	reducing	target	amplification	efficiency	
(Ruiz-Villalba	et	al.,	2017).	Due	to	the	small	quantity	of	template	pipetted	into	each	
reaction,	variation	may	occur	due	to	pipetting	error.	Cq	variation	of	more	than	0.5	is	
generally	considered	untrustworthy	and	discarded	(Nolan	et	al.,	2006).	At	low	target	
concentrations	the	variation	due	to	template	differences	becomes	even	larger	than	
variation	caused	by	pipetting	error.	This	variation	causes	a	relatively	large	range	of	
Cq	values	regardless	of	pipetting	quality	(De	Ronde	et	al.,	2017).	The	small	
concentration	of	extracted	mtDNA	from	single	Drosophila	compared	to	mammalian	
tissue,	will	thus	have	contributed	significantly	to	the	Cq	variation	across	both	
nonspecific	and	target	amplification.	At	lower	concentrations	of	DNA	reaction	
inhibitors	present	within	the	extract	can	have	a	more	pronounced	effect	on	
amplification	efficiency	and	Cq	variation	(Lance	and	Guan,	2020).		
	
Overall,	commercial	DNA	extraction	kits	fail	to	generate	sufficient	mtDNA	template	
for	consistent	and	replicable	deletion	amplification.	With	such	low	and	variable	
concentrations	of	mtDNA	extracted	from	single	Drosophila,	accurate	quantification	is	
near	impossible.	Without	a	method	of	mtDNA	extraction	which	can	generate	
sufficient	mtDNA	molecules	assay	development	cannot	progress.	
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DNA	Quality	in	QPCR	
	
Template	quality	is	an	important	factor	in	QPCR	and	is	essential	for	accurate	
quantification	and	optimal	amplification	efficiency.	Template	quality	is	generally	
affected	by	the	duration	and	conditions	of	storage,	the	presence	of	a	nuclease,	the	
presence	of	an	inhibitor,	and	the	presence	of	any	substance	which	interacts	with	
detection	(Dang	et	al.,	2016).	Template	purity	is	essential	in	this	assay	as	single	
Drosophila	extracts	have	limited	mtDNA	quantity	and	amplification	efficiency	is	more	
sensitive	when	target	quantity	within	a	sample	is	low	(Huggett	and	Bustin,	2011).	
Due	to	the	small	quantity	of	template	pipetted	into	each	reaction,	variation	due	to	
pipetting	error	may	also	lead	to	further	amplification	differences	with	varying	
inhibitor	presence	within	the	template	(De	Ronde	et	al.,	2017).		
	
The	lack	of	target	amplification	within	the	current	assay	could	in	part,	be	associated	
with	the	presence	of	reaction	inhibitors	within	the	final	extract	(El	Bali	et	al.,	2014).	
When	using	undiluted	single	fly	extracts	from	the	Zymo	kit	Cq	replicability	was	
generally	poor,	when	diluted	down	by	1/2	using	Zymo	elution	buffer	amplification	
replicability	increases	to	near	total.	This	effect	is	the	same	under	1/4	and	1/8	
dilutions.	When	reviewing	the	Zymo	and	Qiagen	kits	there	is	one	component	which	
contains	a	known	inhibitor	able	to	impact	the	templates	performance	when	present	
during	PCR,	guanidinium	isothiocyanate	(GIT)	(Suffys	et	al.,	2001).	When	reviewing	
the	260/230	values	of	Zymo	extracts	which	were	used	in	QPCR	reactions	they	were	
much	lower	than	the	optimal	value	(~2.0).	GIT	is	added	to	lysis	buffer	to	inhibit	
RNAse’s	&	DNase’s	but	mainly	to	act	as	a	protein	denaturant	(McCord	et	al.,	2015).		
The	impacts	of	GIT	inhibition	in	the	PCR	reaction	are	twofold;	GIT	facilitates	
hydrogen	bonding	of	complementary	base	pairs	keeping	dsDNA	intact	and	binds	to	
Taq	polymerase	reducing	its	affinity	for	DNA	(McCord	et	al.,	2015).	GIT	has	been	
identified	to	shift	melt	curves	by	up	to	3oC	and	in	increasing	concentrations	raises	
melting	temperature	of	affected	DNA	(McCord	et	al.,	2015).	Assuming	GIT	is	
responsible	for	inhibiting	the	QPCR	reaction,	its	dilution	drastically	improved	
amplification	efficiency.	Inhibitor	presence	within	the	final	extract	of	commercial	kits	
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is	likely	due	to	residual	components	used	earlier	in	the	extraction	process	remaining	
in	the	column	until	elution	(El	Bali	et	al.,	2014).	Additionally,	total	Drosophila	
extraction	introduces	a	wide	range	of	compounds	alongside	DNA	which	may	not	be	
washed	away	during	extraction	when	using	a	commercial	kit,	leaving	potential	
inhibitors	present	in	the	final	extract.	Depending	on	the	extraction	protocol	used,	
purification	of	the	final	extract	using	ethanol	precipitation	or	phenol	chloroform	for	
example,	may	be	required	if	accurate	amplification	and	quantification	is	the	goal.		
	
DNA	Extraction	Methodology	
	
The	focus	on	designing	a	high	throughput	assay	impacted	DNA	quantity	and	quality	
to	the	point	where	QPCR	inefficiency	plagued	assay	development.	Use	of	high	
throughput	DNA	extraction	kits	provided	a	simple,	direct	approach	to	generating	
template.	This	approach	however,	is	not	optimal	for	the	amplification	and	
quantification	of	mtDNA	deletions	from	individual	Drosophila.	So	the	design	and	
optimisation	of	a	mtDNA	extraction	protocol	to	generate	maximal	mtDNA	per	
Drosophila	is	essential	for	deletion	amplification	and	further	assay	development.	
	
Most	DNA	extraction	methods	first	require	homogenisation	of	tissues	before	
isolating	DNA	from	cellular	components.	Typically,	homogenisation	is	left	to	the	user	
in	commercial	extraction	kits	and	thus	the	quality	and	quantity	of	separated	DNA	
within	the	homogenised	solution	is	largely	variable	based	on	the	method	used.	
Generally,	homogenisation	of	insects	is	performed	in	buffer	solution	and	tissues	are	
broken	apart	either	by	hand	using	a	pestle-like	tool	or	by	automated	homogenisation	
using	a	sterile	disruptor	(Denno	et	al.,	2015;	Nebbak	et	al.,	2016;	Yuan	et	al.,	2012).	
The	homogenisation	of	single	Drosophila	using	Zymo	Bashing	Beads,	centrifugation,	
and	transfer	of	the	total	suspended	extract	to	a	column	can	result	in	variable	
template	loss	if	DNA	remains	around	the	pellet	and	beads.	A	homogenisation	
protocol	which	consistently	separates	maximal	mtDNA	from	each	Drosophila	into	
solution	and	minimises	mtDNA	loss	from	transfer	between	containers	is	important	
for	accurate	mtDNA	deletion	quantification	(Yuan	et	al.,	2012).	Sufficient	disruption	
for	mtDNA	quantification	can	be	achieved	using	automated	homogenisation	with	
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inactive	beads	and	incubation	with	proteinase	K	(Peinnequin	et	al.,	2011).	Following	
this,	further	efforts	to	obtain	maximal	mtDNA	from	the	homogenate	should	be	
performed	if	necessary.	The	suspended	mtDNA	can	then	be	isolated	using	whichever	
protocol	causes	minimal	mtDNA	loss	during	extraction.		
	
Automated	extraction	is	likely	not	a	viable	alternative	despite	the	speed	and	control	
it	provides	as	mtDNA	is	often	supercoiled	in	the	final	extract.	Primers	cannot	
completely	access	supercoiled	mtDNA	during	the	PCR	reaction,	rendering	mtDNA	
amplification	inefficient	(Furda	et	al.,	2012).	This	issue	can	however	be	circumvented	
by	using	a	restriction	enzyme	to	linearize	mtDNA	in	an	area	away	from	the	target	
region.	Considering	the	expense	of	automated	extraction	and	the	volume	of	extracts	
required	for	any	viable	comparison	or	quantification	attempts,	automated	extraction	
is	not	a	realistic	option.	Previous	mtDNA	deletion	studies	on	Drosophila	have	used	
buffer	homogenisation,	ethanol	precipitation,	and	phenol	chloroform	to	extract	
template	for	PCR	(Yui	and	Matsuura,	2006).	Phenol-chloroform	extractions	allow	the	
separation	of	DNA	from	homogenised	tissue.	Equal	volumes	of	phenol	and	
chloroform	are	thoroughly	mixed	and	centrifuged	to	form	two	distinct	phases,	an	
upper	aqueous	phase	and	a	lower	organic	phase.	Hydrophobic	lipids	will	be	held	in	
the	organic	phase	with	proteins	held	in	the	interface.	Nucleic	acids	will	be	isolated	in	
the	upper	aqueous	phase	and	can	be	pipetted	off	for	further	extraction	and	
purification	if	required	(Chomczynski	and	Sacchi,	1987).		
	
The	decision	to	not	use	phenol-chloroform	extraction	was	based	on	the	high	
throughput	focus	of	assay	design.	Phenol-chloroform	extractions	generally	take	
longer	to	perform	than	when	using	commercial	kits	and	the	reagents	are	not	
supplied	in	their	required	states.	Phenol-chloroform	extraction	can	be	more	
susceptible	to	contamination	and	the	components	used	for	extraction	can	have	
significant	impacts	on	downstream	applications	such	as	QPCR	(Toni	et	al.,	2018).	That	
said,	phenol-chloroform	extraction	is	cheaper	overall	than	commercial	kits	and	
generates	higher	DNA	quality	and	yield	(Toni	et	al.,	2018).	Phenol-chloroform	
extraction	does	not	expose	the	target	DNA	to	repeated	washing	and	centrifugation	
steps	through	a	silica	column	where	minor	DNA	loss	and	extract	contamination	may	
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occur.	Finally,	phenol-chloroform	extraction	protocols	can	be	optimally	designed	to	
benefit	whatever	purpose	the	final	extract	has,	including	concentrating	the	extract	in	
a	chosen	buffer	solution	(Chen	et	al.,	2010).	Despite	the	additional	time	and	effort	
phenol-chloroform	extraction	requires,	the	improved	purity	and	yield	would	be	
essential	in	extracting	sufficient	mtDNA	for	consistent	deletion	amplification.		
	
Despite	using	an	optimal	homogenisation	and	extraction	protocol,	excess	nuclear	
DNA	would	still	present	within	the	extract,	impacting	mtDNA	deletion	amplification	
efficiency	through	mispriming	and	nonspecific	amplification	(Ruiz-Villalba	et	al.,	
2017).	Total	DNA	extraction	and	purification	from	tissue	leads	to	quantification	
errors	due	to	the	size	and	structural	variation	of	genomic	DNA	and	mtDNA,	which	
results	in	discrepancies	within	DNA	extraction	yields	(Nicklas	et	al.,	2004).	Extraction	
methods	which	isolate	mitochondria	tend	to	run	into	difficulties	when	recovering	
mitochondria	of	varying	densities	and	sizes	without	nDNA	present	in	the	final	extract	
(Kang	et	al.,	1998).	Peinnequin	and	colleagues	in	2011	described	a	QPCR	protocol	
using	a	tissue	lysate	to	accurately	quantify	deleted	and	total	mtDNA	and	genomic	
DNA	without	DNA	extraction.	The	lysate-based	method	resulted	in	more	reliable	and	
replicable	measurements	of	the	deleted	and	total	mtDNA	ratio	(Peinnequin	et	al.,	
2011).	This	method	eliminates	the	potential	for	minor	mtDNA	loss	in	between	
transfer	and	wash	steps	by	keeping	all	genetic	material	together	throughout	the	
protocol.	Using	this	approach	when	designing	an	optimal	extraction	protocol	should	
assist	in	keeping	extract	concentrations	more	consistent.		
	
Considering	the	consistent	nonspecific	amplification	of	nuclear	products	within	the	
current	assay,	total	DNA	extraction	may	not	be	sufficient	for	quantifying	mtDNA	
deletions	in	Drosophila.	This	cannot	be	confirmed	until	an	optimised	extraction	
protocol	is	devised	and	trialled	with	the	current	assay	to	assess	target	amplification,	
amplification	efficiency,	and	replicability.	If	an	extraction	protocol	cannot	generate	
sufficient	mtDNA	content	alone,	then	efforts	to	enrich	and	purify	mtDNA	should	be	
taken.	Previous	mtDNA	studies	however,	appear	to	produce	sufficient	mtDNA	
content	for	deletion	amplification	without	purification	or	enrichment	by	using	
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proteinase	k	and	either	phenol	chloroform	or	tissue	lysate	extraction	(Bai	and	Wong,	
2005;	Peinnequin	et	al.,	2011;	Yui	and	Matsuura,	2006).		
	
Further	Work	
	
Optimisation	of	Mitochondrial	DNA	Extraction	
	
From	previous	QPCR	attempts	it	is	clear	that	poor	template	quality	and	quantity	is	a	
major	factor	in	the	consistent	nonspecific	amplification	of	nuclear	products.	
Optimisation	of	the	current	assay	cannot	be	performed	if	the	template	used	fails	to	
amplify	deleted	mtDNA	in	a	replicable	manner.	Total	DNA	extraction	using	a	
commercial	kit	failed	to	generate	the	required	mtDNA	quality	and	quantity	for	
consistent	deletion	amplification	without	the	potential	for	nonspecific	amplification.	
The	limited	mtDNA	content	of	individual	Drosophila	and	the	high	DNA	input	
requirement	for	commercial	extraction	kits	means	further	optimisation	of	an	
extraction	kit	may	still	fail	to	provide	consistent	useable	template	(Katevatis	et	al.,	
2017).	Previous	Drosophila	mtDNA	deletion	amplification	using	template	generated	
by	phenol-chloroform	extraction	and	ethanol	precipitation	may	provide	the	answer	
to	the	current	template	problems	(Yui	and	Matsuura,	2006).	That	said,	Yui	and	
Matsuura	fail	to	explain	if	their	extracts	provided	consistent	target	amplification,	
only	showing	the	sequences	and	flanking	repeats	of	mtDNA	deletions	they	amplified.	
So	phenol-chloroform	extraction	may	still	fail	to	provide	the	quality	and	quantity	of	
mtDNA	per	single	Drosophila	extraction	required	for	consistent	mtDNA	deletion	
quantification.	Regardless,	this	method	will	likely	generate	more	consistently	
concentrated	mtDNA	over	any	commercial	extraction	kit	and	eliminate	the	potential	
presence	of	an	inhibitor	in	the	final	extract	(Guo	et	al.,	2009;	Nacheva	et	al.,	2017).	
	
Tissue	lysate	methods	such	as	one	described	by	Peinnequin	and	colleagues	
specifically	focus	on	producing	template	optimised	for	QPCR	and	accurate	
quantification.	The	tissue	lysate	method	eliminates	mtDNA	loss	from	repeated	wash	
steps	by	keeping	all	the	material	in	the	same	vials	throughout	extraction	processes.	
The	use	of	inactive	zirconium	beads	for	homogenisation	also	means	that	this	
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protocol	can	be	used	with	the	available	machinery	(Peinnequin	et	al.,	2011).	The	
protocol	was	designed	to	extract	DNA	and	mtDNA	from	30mg	rat	brain	and	liver	
samples	(an	average	fly	weighs	~0.5mg)	but	could	be	redesigned	to	use	smaller	
volumes	of	lysis	buffer	to	concentrate	the	mtDNA	content	per	microliter.	The	
inclusion	of	sonication	to	improve	QPCR	efficiency	in	the	tissue	lysate	protocol	
however,	will	damage	mtDNA	deletion	amplification	attempts	as	excessive	
sonication	can	shear	DNA	down	to	less	than	~150bp	in	size	(Wang	and	Son,	2013).	If	
mtDNA	was	excessively	sheared,	then	the	likelihood	of	a	complete	target	sequence	
still	present	in	each	sample	would	be	poor.	Even	mild	sonication	of	an	extract	will	
increase	the	Cq	values	of	any	amplification	attempt,	since	a	proportion	of	target	
sequence	will	have	been	sheared	and	cannot	be	amplified	(Fykse	et	al.,	2003).	So	for	
this	method	to	be	a	viable	option	for	deletion	amplification	and	quantification	
sonication	cannot	be	used.	The	major	difficulty	in	using	this	protocol	however,	would	
be	the	lack	of	any	step	which	concentrates	the	extract	down	to	an	optimal	level	for	
mtDNA	deletion	amplification	attempts.	Within	the	protocol	further	dilution	is	still	
required	to	obtain	reproducible	QPCR	efficiency	(Peinnequin	et	al.,	2011).	
Considering	this,	an	adaptation	of	the	tissue	lysate	protocol	may	still	fail	to	produce	
sufficiently	concentrated	mtDNA	for	replicable	deletion	amplification	without	the	
inclusion	of	steps	to	isolate	and	concentrate	the	extract.		
	
Collectively,	both	the	phenol-chloroform	and	tissue	lysate	extraction	methods	will	
likely	generate	better	quality	mtDNA	over	a	commercial	extraction	kit.	The	
concentration	of	this	extract	will	need	to	be	improved	for	replicable	mtDNA	deletion	
amplification	however,	and	the	quality	of	this	concentrated	extract	will	determine	if	
these	protocols	are	viable	for	single	Drosophila	extraction.	As	the	lysis	buffer	used	by	
the	tissue	lysate	protocol	apparently	impacts	QPCR	efficiency,	additional	isolation	or	
purification	efforts	using	a	sterile	buffer	solution	would	be	required	to	make	this	
protocol	viable	for	quantification	(Peinnequin	et	al.,	2011).	As	significant	adaptation	
of	the	tissue	lysate	method	would	be	required	for	any	amplification	attempts,	a	
standard	phenol-chloroform	and	ethanol	precipitation	extraction	which	includes	
some	initial	aspects	of	the	tissue	lysate	method	may	generate	the	best	extract	
overall.		
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Enrichment	for	Mitochondrial	DNA	
	
Enriching	extractions	for	mtDNA	can	assist	in	accurate	detection	of	deleted	sequence	
by	reducing	the	overall	nDNA	content,	decreasing	the	potential	for	nonspecific	
amplification	(Devall	et	al.,	2015;	Gould	et	al.,	2016;	Ruiz-Villalba	et	al.,	2017).	
Studies	which	isolate	mtDNA	from	Drosophila	often	use	very	basic	hand	or	
automated	homogenisation	followed	by	two	separate	centrifugation	steps.	The	first	
(~300g)	is	to	isolate	the	suspended	cellular	contents	from	the	remaining	tissues	and	
the	second	(~6000g)	is	to	pellet	mitochondria,	separating	them	from	the	cytosolic	
fraction	which	is	then	discarded	and	the	mitochondria	re-suspended	(Holmbeck	et	
al.,	2015;	Villa-Cuesta	and	Rand,	2015).	This	method	of	enrichment	however,	often	
fails	to	recover	mitochondria	of	various	sizes	and	densities	without	also	recovering	
minor	levels	of	nDNA	(Peinnequin	et	al.,	2011).	Gould	and	colleagues	trialled	multiple	
protocols	which	aimed	to	isolate	and	enrich	mtDNA	for	QPCR	to	assist	in	reducing	
nonspecific	amplification	from	nDNA.	Mitochondria	were	isolated	from	human	blood	
and	cell	lines	using	differential	centrifugation	and	magnetic	bead	binding.	Following	
mtDNA	extraction	using	a	commercial	extraction	kit	(Qiagen),	mtDNA	was	further	
enriched	using	exonuclease	digest	(exonuclease	V)	(Gould	et	al.,	2016).	Exonuclease	
digestion	of	linear	DNA	was	performed	using	the	Plasmid	Safe	ATP-dependent	DNase	
(EpiBio)	which	aimed	to	deplete	nDNA	content	because	the	digest	cleaves	
nucleotides	off	of	the	ends	of	DNA	strands.	They	identified	that	differential	
centrifugation	followed	by	exonuclease	digest	generated	the	most	optimal	extract,	
with	digestion	drastically	improving	mtDNA	yield	over	centrifugation	alone	(Gould	et	
al.,	2016).	If	any	direct	attempts	to	extract	sufficient	mtDNA	for	deletion	
amplification	fail,	then	the	isolation	of	mtDNA	prior	to	extraction	would	likely	solve	
any	issues	regarding	nonspecific	amplification.		
	
Prior	to	any	attempt	to	enrich	extracted	mtDNA,	an	optimal	extraction	protocol	
should	first	be	established.	The	quantity	of	mtDNA	molecules	extracted	by	this	
optimal	protocol	may	be	sufficient	for	deletion	presence	within	each	sample	and	
replicable	deletion	amplification	in	each	QPCR.	If	template	from	an	optimal	
extraction	protocol	still	produces	nonspecific	amplification	of	nDNA	then	mtDNA	
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enrichment	is	required.	Considering	the	mtDNA	enrichment	protocols	described	
previously,	the	additional	work	required	to	enrich	each	extract	and	to	what	extent	
enrichment	improves	the	assay	could	be	explored.	Enrichment	may	be	required	for	
accurate	quantification	of	mtDNA	if	target	amplification	efficiency	is	too	variable	
(outside	of	the	95-105%	range)	(Huggett	et	al.,	2013).	Enrichment	can	be	used	to	
reduce	the	extract	concentration	required	for	replicable	amplification	(Gould	et	al.,	
2016).	However,	repeated	QPCR	reactions	using	the	same	template	is	unlikely	to	
produce	further	useful	data	for	that	individual	fly,	so	enrichment	to	reduce	the	
required	template	concentration	for	a	successful	reaction	is	not	beneficial.	Overall,	
mtDNA	enrichment	would	only	be	beneficial	if	total	DNA	extractions	fail	to	provide	
consistent	and	efficient	target	amplification	without	nonspecific	amplification	of	
nDNA.	If	all	this	is	achieved,	then	mtDNA	deletion	quantification	may	be	attempted.		
	
Optimisation	of	QPCR	Methodology	
	
As	the	current	assay	fails	to	consistently	and	accurately	amplify	deleted	mtDNA,	the	
optimisation	of	reaction	component	concentrations	and	QPCR	parameters	cannot	be	
viably	trialled	until	an	optimal	mtDNA	extraction	protocol	is	developed.	
Reproduction	of	QPCR	amplification	is	influenced	by	the	duration	of	pipetting,	with	
longer	overall	bench	times	correlating	with	increased	artefact	generation	(Ruiz-
Villalba	et	al.,	2017).	Reactions	which	were	not	set	up	on	ice	and/or	not	kept	on	ice	
throughout	until	the	QPCR	was	initiated	were	more	prone	to	mispriming	and	
nonspecific	amplification	in	Yui	Extended	QPCRs.	This	strict	control	also	applies	to	
long	durations	on	ice;	even	if	a	reaction	mix	was	kept	on	ice,	mispriming	would	likely	
occur	if	enough	time	was	allowed	to	pass	before	QPCR	was	initiated.	When	a	
reaction	is	held	at	higher	temperatures	more	molecules	within	the	reaction	possess	
the	required	energy	to	react	with	one	another.	In	the	context	of	this	project	this	can	
be	related	to	primer	molecules	reacting	with	one	another,	nDNA,	and	mtDNA.	Even	
on	ice	some	reaction	components	may	still	possess	sufficient	energy	to	interact.	The	
longer	a	reaction	is	held	for	the	more	of	these	interactions	occur,	depending	on	the	
temperature	(Nikolaev,	1978).	When	a	PCR	reaction	mix	is	made	the	reaction	
components	may	interact	with	one	another	to	varying	degrees	depending	on	the	
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temperature	and	duration	the	reaction	is	held	for	prior	to	PCR	(Lorenz,	2012).	The	
polymerase	acts	as	a	catalyst	to	this	interaction,	where	a	temperature	of	72oC	often	
maximises	the	polymerases	activity	(Lorenz,	2012).	This	interaction	includes	primer	
binding	and	given	enough	time	may	lead	to	nonspecific	primer	binding	and	initial	
amplification	of	nonspecific	products	prior	to	and	during	PCR	(Ruiz-Villalba	et	al.,	
2017).	These	interactions	may	decrease	the	overall	efficiency	of	the	reaction	and	
potentially	lead	to	nonspecific	amplification	during	PCR,	which	almost	certainly	
impacted	assay	development	(Booth	et	al.,	2010).		
	
So	despite	the	correct	precautions	in	place,	amplification	efficiency	and	the	
likelihood	of	nonspecific	amplification	may	still	be	affected	by	the	duration	of	
reaction	set	up.	Long	reaction	set	up	only	happens	when	large	numbers	of	replicates	
using	different	extracts	are	made	on	the	same	QPCR	plate.	When	producing	so	many	
separate	reactions,	each	triplicate	is	often	set	up	separate	to	others	so	template	is	
not	mixed.	Nonspecific	amplification	occurs	more	often	on	these	larger	QPCR	plates,	
but	this	may	be	due	to	the	larger	number	of	extracts	used	rather	than	minor	
interactions.	For	future	amplification	attempts,	setting	up	QPCR	reactions	on	ice	in	a	
temperature	controlled	cold	room	will	reduce	the	temperature	all	components	are	
held	at	throughout	set	up.	Additionally,	performing	more	targeted	QPCR	reactions	
using	fewer	samples	per	reaction	will	reduce	the	duration	the	reaction	is	kept	at	
temperatures	where	nonspecific	amplification	may	begin.	That	said,	optimisation	of	
mtDNA	extraction	may	make	the	effects	of	these	steps	redundant	if	sufficiently	
concentrated	mtDNA	is	present	in	each	reaction.		
	
The	target	and	control	primer	pairs	have	different	optimal	reaction	temperatures.	As	
a	result,	running	both	target	and	control	reactions	at	the	same	temperature	reduces	
the	amplification	efficiency	of	at	least	one	set	of	the	reactions.	Quantification	
requires	amplification	efficiencies	of	both	target	and	control	primers	to	be	as	close	to	
100%	as	possible	for	an	accurate	estimation	(Bustin	and	Huggett,	2017).	So	further	
QPCR	reactions	should	be	performed	separately	for	the	target	and	control	primers	at	
their	respective	optimal	temperatures.	This	is	not	ideal	in	QPCR,	so	this	assay	may	
benefit	from	a	new	pair	of	control	primers	with	Tm’s	closer	to	the	optimal	deletion	
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primer	pairs.	Comparable	reactions	should	be	performed	using	the	same	template	
origin,	template	concentration,	thermocycler,	reaction	composition,	and	optimal	
reaction	conditions	to	make	quantification	as	accurate	as	possible	(Huggett	et	al.,	
2013).		
	
Theoretically	only	one	target	copy	is	required	for	PCR	amplification	(Dang	et	al.,	
2016).	The	amplification	of	mtDNA	deletions	however,	relies	on	the	generation	of	a	
sufficient	number	of	deletions	throughout	the	lifespan	of	the	organism	to	be	
detected	in	an	aliquot	of	the	final	extract.	As	this	assay	aims	to	quantify	deleted	
mtDNA	within	one	section	of	the	mtDNA	genome,	the	rarity	of	this	target	deletion	is	
further	increased.	The	exact	quantity	of	mtDNA	deletions	per	cell	depends	entirely	
on	the	duration	of	lifespan,	exposure	of	mtDNA	to	damage	during	lifespan,	pre-
existing	mutations	within	replication	and/or	repair	machinery,	and	deletions	
established	prior	to	the	genetic	bottleneck	(Nissanka	et	al.,	2019).	Considering	this,	
each	extract	will	hold	a	limited	number	of	target	deleted	mtDNA	molecules.	If	total	
DNA	extracts	are	used	for	mtDNA	deletion	amplification,	then	the	minimal	
concentration	of	genetic	material	required	for	replicable	amplification	within	each	
reaction	will	be	high.	mtDNA	enrichment	will	lower	the	required	concentration	but	
may	still	be	relatively	higher	than	the	minimal	concentration	required	for	replicable	
control	amplification	(Andreu	et	al.,	2009).	With	this	reiterated,	for	accurate	and	
replicable	mtDNA	deletion	amplification	and	quantification	the	minimal	template	
concentration	required	will	be	much	higher	than	for	the	amplification	of	the	control.	
Estimation	of	the	minimal	concentration	of	template	required	for	replicable	target	
amplification	again	relies	on	the	optimisation	of	mtDNA	extraction	prior	to	any	
amplification	attempts.		
	
Further	Mitochondrial	DNA	Deletion	Amplification	Attempts	
	
Once	the	extraction	methodology	and	amplification	using	both	deletion	and	control	
primers	have	been	improved,	further	mtDNA	deletion	amplification	and	
quantification	can	be	attempted.	Since	mtDNA	deletion	amplification	lacking	
nonspecific	amplification	has	already	been	achieved,	an	optimised	protocol	will	likely	
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ensure	at	least	consistent	presence	of	target	amplification	in	each	reaction.	If	
repeated	mtDNA	deletion	amplification	without	mispriming	is	established	over	
multiple	extracts,	then	serial	dilutions	of	a	successful	extract	for	both	deletion	and	
control	primer	pairs	can	be	used	to	calculate	amplification	efficiency.	With	
efficiencies	estimated,	further	attempts	to	optimised	reaction	composition	will	likely	
develop	a	useable	assay	for	mtDNA	deletion	amplification.	Minor	variability	of	
mtDNA	deletion	copy	number	within	each	sample	may	still	have	a	pronounced	effect	
on	amplification	replicability	depending	on	the	rarity	of	target	deleted	mtDNA	
relative	to	the	measured	concentration	of	total	DNA/mtDNA	(Grady	et	al.,	2014).		
	
Depending	on	the	assay	quality,	further	investigation	into	the	presence	of	a	potential	
‘common	deletion’	may	be	attempted.	Current	evidence	for	a	common	deleted	
sequence	within	the	COX	region	can	be	seen	in	figure	3.41.	and	the	subsequent	
sequencing	data.	The	same	deletion	was	isolated	from	three	different	extracts;	one	
young	(10	days	aged	at	17oC),	one	old	(60	days	aged	at	17oC),	and	one	containing	
multiple	ten	old	flies	(60	days	aged	at	17oC).	However,	from	the	quality	of	this	
sequencing	all	breakpoints	were	not	clearly	defined.	To	what	degree	this	deletion	is	
‘common’	and	why	should	be	a	focus	of	following	work.	Considering	that	different	
deletions	have	been	amplified	by	the	current	assay	and	that	only	three	different	
extracts	generated	the	same	deletion,	this	common	deletion	may	not	be	common	at	
all.	As	previously	stated,	this	common	deletion	may	simply	be	the	amplification	of	
the	most	amplifiable	deletion	rather	than	a	deletion	which	is	most	common	(Peng	et	
al.,	2015).	
	
If	repeated	amplification	of	a	specific	deletion	is	identified,	then	this	assay	may	
benefit	from	the	inclusion	of	a	probe	designed	to	amplify	just	this	deletion.	The	
effects	of	experimental	conditions	on	deletion	generation	by	measuring	the	
frequency	of	an	individual	deletion	will	be	more	accurate	than	measuring	multiple	
deletions	across	a	gene	or	area	(Grady	et	al.,	2014;	He	et	al.,	2002).	This	is	due	to	
differential	amplification	of	deletions	depending	on	size,	which	renders	any	
comparison	inaccurate.	For	quantification	to	be	considered	accurate,	Cq	variation	
between	triplicates	should	generally	be	less	than	0.5	(Nolan	et	al.,	2006).	The	quality	
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of	mtDNA	deletion	quantification	using	this	assay	will	thus	be	dependent	on	the	
concentration	and	quality	of	mtDNA	per	reaction	as	well	as	the	optimisation	of	
reaction	conditions.	If	an	optimal	assay	cannot	amplify	deleted	mtDNA	with	enough	
efficiency	and	replicability,	then	the	assay	cannot	accurately	quantify	mtDNA	
deletions	from	single	Drosophila,	only	amplify	them.	If	accurate	quantification	is	
achieved,	then	these	conclusions	would	still	only	be	applicable	to	the	Dahomey	
strain.	Repeating	this	work	across	various	Drosophila	species	would	solidify	any	
conclusions	drawn.	Once	similar	conclusions	are	drawn	across	multiple	Drosophila	
species	then	an	overall	conclusion	on	the	effects	of	various	conditions	on	deletion	
frequency	in	Drosophila	could	be	made.	
	
Final	Conclusions	
	
The	Likelihood	of	Quantifying	Mitochondrial	DNA	Deletions	in	Drosophila	
	
Amplification	of	multiple	mtDNA	deletions	within	one	QPCR	reaction	may	not	
accurately	represent	deletion	frequency.	If	several	deletions	begin	to	compete	for	
reaction	components,	the	most	abundant	or	most	amplifiable	deletion	will	amplify	
fastest.	This	deletion	will	achieve	exponential	amplification	first	and	saturate	the	
majority	of	reaction	components	(Grady	et	al.,	2014;	Kralik	and	Ricchi,	2017).	So	the	
total	quantity	of	each	amplicon	in	the	final	reaction	will	be	less	than	if	each	deletion	
was	amplified	individually.	Crucially,	the	resulting	Cq	value	would	be	from	a	
combination	of	all	amplified	sequences	but	mainly	indicative	of	the	most	abundant	
or	most	amplifiable	deletion	since	it	will	make	up	the	majority	of	amplicons	present.	
So	any	conclusions	drawn	from	experimental	effects	on	mtDNA	deletion	frequency	
would	not	be	accurate	and	quantification	using	this	method	is	not	viable.		
	
Quantification	of	specific	deletions	appears	the	most	viable	direction	for	this	assay.	
Identification	of	more	frequent	deletions	through	further	deletion	amplification	
experiments	will	define	which	deletion(s)	would	be	best	suited	for	quantification.	
Following	this,	the	design	of	a	probe	specific	for	the	most	frequently	
amplified/common	deletion	should	allow	for	the	most	accurate	method	of	
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quantification	possible	using	this	protocol.	The	efficient	amplification	of	one	target	
sequence	should	provide	a	quantifiable	measure	of	mtDNA	deletion	frequency	which	
can	be	measured	across	different	conditions.	This	however,	requires	sufficient	
deletion	generation	per	Drosophila	for	this	specific	deletion	to	be	present	in	each	
extract.	Moreover,	this	specific	deletion	must	be	present	in	a	high	enough	
concentration	for	it	to	be	amplified	when	using	an	aliquot	of	that	extract.	The	limited	
number	of	mtDNA	molecules	in	an	average	Drosophila	may	not	be	enough	for	this	
method	of	quantification	and	so	using	more	concentrated	extracts	of	multiple	
Drosophila	may	be	required	for	accurately	measuring	experimental	effects	on	
mtDNA	deletion	frequency.	If	this	is	the	case	then	accurate	quantification	of	mtDNA	
deletions	within	Drosophila	is	possible,	but	not	from	individual	flies.		
	
What	Might	a	Working	Protocol	Look	Like	
	
Without	enough	mtDNA	content	per	extract,	optimisation	of	mtDNA	deletion	
amplification	and	quantification	cannot	be	attempted.	So	a	working	protocol	
requires	a	method	of	mtDNA	extraction	(and	if	required	enrichment)	which	
generates	enough	mtDNA	for	this	purpose.	Attempts	should	still	be	made	to	make	
this	extraction	protocol	as	high	throughput	as	possible	without	sacrificing	mtDNA	
content.	Considering	the	previously	described	extraction	methods,	phenol-
chloroform	followed	by	ethanol	precipitation	would	likely	produce	the	best	quality	
extract	and	allow	the	most	control	over	the	components,	repetition,	and	duration	of	
various	steps	(Guo	et	al.,	2009;	Nacheva	et	al.,	2017).		
	
Described	below	is	a	general	phenol-chloroform	and	ethanol	precipitation	extraction	
protocol	for	single	Drosophila.	The	homogenisation	technique	was	based	off	of	
previous	optimisation	efforts	and	Drosophila	homogenisation	in	previous	studies	
(Jensen	et	al.,	2013;	Tennessen	et	al.,	2014).	The	lysis	buffer’s	components	and	their	
concentrations	were	based	off	of	previous	use	in	various	quantification	studies	
(Coutlee	and	Voyer,	1998;	Le	et	al.,	2015;	Peinnequin	et	al.,	2011;	Peper	et	al.,	2014;	
Wang	et	al.,	2019).	This	protocol	has	been	streamlined	to	attempt	to	extract	mtDNA	
in	the	shortest	time	possible	without	sacrificing	any	major	steps.	Comparison	
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between	this	extraction	protocol	and	the	current	commercial	extraction	kit	data	
would	likely	provide	a	conclusion	on	whether	this	protocol	is	worth	using	prior	to	any	
optimisation.	Considerable	optimisation	of	this	protocols	steps	will	likely	be	required	
to	extract	maximal	mtDNA	per	Drosophila:		
	
1. Homogenise	the	required	specimen(s)	using	an	automated	homogeniser	in	a	
lysis	tube	(2.0	mm)	with	inert	bashing	beads	(6000g	for	10s	four	times)	in	
180µL	of	lysis	buffer	(0.05%	(v/v)	Tween	20	(Sigma	Aldrich),	0.05%	(v/v)	
Nonidet	p40	(Sigma	Aldrich),	10mM	Tris	HCL,	pH	8.0)	and	20µL	Proteinase	K.	
Ensure	any	pelleted	tissue	is	re-suspended	between	each	homogenisation	
step.	
2. Re-suspend	any	pelleted	tissue	and	incubate	at	56oC	for	2	hours	in	a	shaking	
incubator.	
3. Incubate	at	95oC	for	15	minutes	(to	deactivate	the	Proteinase	K).	
4. Add	200µL	of	phenol:chloroform:isoamyl	alcohol	(25:24:1)	to	the	extract	and	
vortex	thoroughly	for	20s.	Leave	to	stand	for	1	minute.		
5. Centrifuge	at	maximum	RPM	at	room	temperature	for	5	minutes	and	transfer	
the	upper	aqueous	phase	to	a	clean	1.5ml	Eppendorf.	Take	care	not	to	agitate	
the	interphase	layer.		
6. Add	0.1x	volume	of	3M	Sodium	Acetate	and	2.5x	volume	of	100%	ethanol	
(chilled	at	-20oC)	to	the	extract.	Leave	to	precipitate	at	-80oC	for	1	hour	or									
-20oC	overnight.		
7. Centrifuge	at	maximum	RPM	at	4oC	for	30	minutes.	
8. Remove	as	much	supernatant	as	possible	without	agitating	the	pelleted	DNA.	
9. Add	200µL	of	70%	ethanol	(diluted	using	sterile	H2O	and	chilled	at	-20oC)	to	
wash	the	pellet	(avoid	dislodging	the	pellet).			
10. Centrifuge	at	maximum	RPM	at	4oC	for	10	minutes	
11. Repeat	steps	8	through	10.	
12. Remove	as	much	supernatant	as	possible	without	agitating	the	pelleted	DNA	
and	evaporate	residual	ethanol	using	a	speed-vac	or	37oC	heat	block.	
13. Re-suspend	the	pelleted	DNA	in	sterile	H2O	or	buffer	of	choice	to	the	
appropriate	concentration	and	test	for	DNA	presence.	
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If	nonspecific	nDNA	amplification	is	still	present	using	an	optimal	extraction	protocol,	
then	altering	the	protocol	for	mtDNA	enrichment	would	be	the	next	step.	Although	
mtDNA	enrichment	techniques	fail	to	eliminate	all	presence	of	nDNA,	the	reduction	
of	nDNA	concentration	would	be	hugely	beneficial	in	reducing	the	possibility	of	
nonspecific	amplification.	Performing	mitochondrial	enrichment	prior	to	the	protocol	
would	be	the	simplest	adaptation	and	may	sufficiently	reduce	nDNA	concentration	to	
prevent	nonspecific	amplification	(Holmbeck	et	al.,	2015;	Villa-Cuesta	and	Rand,	
2015).	If	amplification	efficiency	is	still	too	variable	for	accurate	quantification	then	
more	targeted	efforts	to	isolate	mtDNA	would	be	the	only	option	left	for	
quantification	(Devall	et	al.,	2015;	Gould	et	al.,	2016).	
	
The	Value	of	Quantifying	Deletions	Within	Drosophila	
	
The	difficulty	in	comparing	mtDNA	deletion	quantification	within	model	organisms	
such	as	Drosophila	to	humans	is	the	effects	of	a	short	lifespan	on	mtDNA	deletion	
accumulation.	Although	in	most	cases	this	allows	the	effects	of	conditions	to	be	
manipulated	and	recorded	in	a	controlled	environment,	deletion	generation	relies	on	
time	(Lakshmanan	et	al.,	2018).	With	enough	exposure	to	time	and	stress	the	
mitochondrial	genome	will	undergo	sufficient	cycles	of	replication	so	that	deletions	
may	be	generated	and	clonally	expanded.	With	sufficient	expansion	the	impacts	of	
these	deletions	on	the	organism’s	function	and	lifespan	will	be	measurable.	
However,	clonal	expansion	of	mtDNA	deletions	is	a	private	mechanism	reserved	for	
long-lived	species.	Simply	put,	most	model	organisms	do	not	live	long	enough	to	see	
these	effects	build	naturally	and	those	under	sufficient	stresses	to	cause	mtDNA	
deletions	will	likely	die	well	before	the	desired	effects	are	seen	(Kauppila	et	al.,	
2018).	As	previously	stated,	with	sufficient	quality	mtDNA	extracted	from	Drosophila	
so	that	replicable	deletion	amplification	is	established,	targeted	quantification	could	
then	be	reliably	achieved.	However,	the	question	to	then	ask	is	if	quantification	is	
really	required	when	the	impacts	of	mtDNA	deletions	are	mostly	felt	in	organisms	
with	longer	lifespans?	In	conclusion,	the	quantification	of	deletions	within	Drosophila	
appears	most	useful	when	understanding	the	impacts	of	various	stresses	on	deletion	
generation.	The	ability	to	manipulate	and	monitor	stresses	across	so	many	individual	
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organisms	at	one	time	and	then	rapidly	quantify	these	effects	in	terms	of	mtDNA	
deletion	generation	is	an	important	tool.	Using	this	tool,	we	would	further	
understand	if	stresses	can	impact	mtDNA	deletion	levels	within	Drosophila,	which	
can	translate	across	to	all	relevant	organisms.		
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